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Abstract: Optically controlled release of a DNA strand based on a
nonradiative relaxation process of black hole quenchers (BHQs), which are
asort of dark quenchers, is presented. BHQs act as efficient energy sources
because they relax completely via a nonradiative process, i.e., without
fluorescent emission-based energy losses. A DNA strand is modified
with BHQs and the release of its complementary strand is controlled by
excitation of the BHQs. Experimental results showed that up to 50% of the
target strands were released, and these strands were capable of inducing
subsequent reactions. The controlled release was localized on a substrate
within an area of no more than 5 micrometers in diameter.
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1. Introduction

Biological systems are both complex and dynamic. While many sophisticated technologies
have been developed to analyze and control the behavior of these systems, the determination
and use of biological functions remains challenging [1, 2]. Optical methods are indispensable
in the molecular/cell biology research at various scales, ranging from molecules and cells to
organs, because they offer many valuable properties, including diverse light-matter interac-
tions, remote and flexible accessibility to matter, spatial and temporal localization abilities,
gpatial parallelism, and ease of multiplexing. Among the available optical methods, one rapidly
developing technology is optogenetics, in which light-sensitive ion channels such as channel-
rhodopsins are expressed genetically but artificially in living cells, and especialy in neurons,
and the activities of these cells are controlled by optical stimulation to enable the investiga-
tion of biological events [3]. Similar optical activation is achievable in other molecules, and
it is an effective way to control associated biological events. Good examples of these meth-
ods include conditional gene editing and gene expression by optical regulation of clustered
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regularly interspaced short palindromic repeat (CRISPR) associated protein 9 (Cas9) activ-
ity [4], light-induced in vivo gene transfer using multifunctional nanocarriers [5], optical ac-
tivation of transforming growth factor B (TGF-f) signal transduction assisted by carbon nan-
otubes [6], femtosecond-laser induced gene transcription by activation of the nuclear factor
of activated T-cell (NFAT) proteins [7], and artificial targeted light-activated nanoscissors for
use as a sequence-specific DNA cleavage nanomaterial [8]. Oligonucleotides are especially at-
tractive for regulation of cell activities because they allow sequence-specific reactions to be
designed. A photo-responsive antisense oligonucleotide capable of cross-linking to a target
messenger ribonucleic acid (MRNA) is useful for the regulation of gene expression in living
cells[9]. Light-triggered splice-switching oligonucleotides work well for regulation of aterna-
tive splicing pathways [10]. Notably, the above functions relating to oligonucleotides and other
biomolecules can be localized via optical activation.

Controlled release of molecules is also an important process because it offers many poten-
tial applications, including drug delivery and therapy. To date, optically controlled release has
been studied for a variety of molecules, including insulin [11], anticancer drugs [12], angio-
genesis inhibitors [13], and DNA [14-16]. Controlled release of a single-stranded DNA (ss-
DNA) can be redlized by dehybridization of a double-stranded DNA (dsDNA). For example,
the thermal energy produced by light irradiation can be used to induce dehybridization. Sur-
face plasmon resonance on a metal nanoparticle or nanorod is a promising phenomenon that
can provide increased local temperatures around the metal nanostructure. Light-induced de-
hybridization, or remotely controlled release of single-stranded DNA, has been demonstrated
using gold nanoparticles and nanorods [16—18]. This method can be extended to the selective
release of DNA strands using nanorods of various sizes, which are melted by ultrafast laser ir-
radiation at different resonance wavelengths[19]. A metallic nanostructure, however, is usually
larger in size than a DNA strand. Consequently, it is difficult to build arelease system inside a
single DNA structure to manipulate a specific strand selectively.

In this paper, we report on the optically controlled release of DNA based on a nonradiative
relaxation process of dark quenchers. Dark quenchers are typically used in biomolecular sens-
ing, and are also used in other applications such as nanoparticle aggregation [20]. This study
proposes new usage of dark quenches. An excited dark quencher relaxesto its ground state or a
lower energy state completely through a nonradiative process, and it thus produces thermal or
photochemical energy that leads to dehybridization. We selected black hole quenchers (BHQSs)
from several types of available dark quenchers because they have high dissipation yield and
their absorption spectrum is relatively broad. A BHQ, which is smaller than a DNA strand,
can be attached at an arbitrary position in a DNA strand, meaning that the release system can
be constructed inside a single DNA structure to manipulate a specific part of that structure.
In addition, the method offers valuable extended functions. For example, using a BHQ as an
acceptor in a fluorescence resonance energy transfer (FRET) system means that the release
of DNA strands can be controlled using light at the absorption peak wavelength of the donor
molecule. This provides wavelength selectivity for parallel or multiplexed control. We experi-
mentally demonstrate the controlled release of DNA by excitation of BHQs, an ability to drive
subsequent reactions with the released DNA, and localization of the controlled release process
on aglass substrate.

2. Method

Atoms/moleculesin an excited energy state return to their ground energy state or alower-energy
excited state through a radiative process such as fluorescence emission and/or a nonradiative
process such as thermal relaxation or photochemical relaxation. Dehybridization of DNA, or
therelease of DNA, requires energy of some sort. Thisenergy can be supplied viaanonradiative
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process. BHQs are expected to be efficient energy supply sourcesfor DNA rel ease because they
relax completely through nonradiative processes. When a single molecule is modelled as a two-
level system, the dissipated power, pg, iswritten as[21]

Pd = PabsNds @))
o
Pabs = A Pexs 2

where paps IS the power absorbed by the molecule, ng is the dissipation yield, Px is the power
of the excitation light, o is the absorption cross-section, and A is the area of excitation. Py at

the saturated excitation state, Pe(ft), iswritten as

1A

—— 3
e ©
where his Planck’s constant, v isthe frequency of the excitation light, and 7 is the fluorescence
lifetime. By assigning Péx’m to P, Eq. (1) then becomes

Pe(ft) =hv

1
Pd = hV;Tld- 4

A larger pqy isobtained with alarger ng and asmaller t. Based on this relationship, we selected
aBHQ as an energy source for the release of DNA among fluorescent or quencher molecules.

Figure 1 shows a schematic diagram of the process of optically controlled release of sSDNA
using BHQs. A target ssDNA to be released is hybridized with another DNA strand that con-
tains the complementary sequence to which the BHQs are attached to form dsDNA. When a
BHQ is irradiated by the excitation light, it produces thermal and/or photochemical energy.
Because of this thermal energy, the temperature around the BHQ increases, and the dsDNA
subsequently dehybridizes to release the target strand. After the excitation stops, the strands
can then hybridize again to return to their initial states. Photochemical relaxation of the excited
BHQs may also contribute to the dehybridization of the dSDNA; however, clarification of this
mechanism is not an objective of this work, and no further description of the mechanism is
provided in this paper.

Exciatation /’ 5 5 Release

Excitation light

dsDNA 7 ssDNA

X7 /*/_*

BHQ

Hybridization ﬁ J\lon-excitation

Fig. 1. Schematic diagram of optically controlled release of sSDNA using BHQs.
Using this optical method, the release of ssDNA isinduced in localized volumes at desired
times using light. In addition, the most strongly affected part of a DNA nanostructure can be
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restricted because the size of a BHQ is sufficiently small to be comparable to a DNA strand.
The released DNA is modification-free, and can ordinarily induce a subsequent reaction. This
function is useful for the control of DNA-mediated biological events by indirect use of ex-
ternal optical signals. Because of the inherent design flexibility of the released DNA, various
subsequent reactions can be considered.

The method also offers some extended applications. A BHQ is often used as an acceptor
in a FRET system and thus a FRET-based DNA-release system can be constructed. A BHQ
accepts excitation energy from various kinds of fluorescent molecules that act as donors. These
excitation wavelengths are different for the individua fluorescent molecules, and therefore the
selected release or multiplexed release of ssSDNA will be achievable when the BHQ is used
as an acceptor. In addition, FRET is an excellent probing system for detection of the states of
DNA nanostructures [22, 23]. By combining a FRET-based DNA release system with a DNA
nanostructure, ssDNA will be released, depending on its state. FRET is also useful in DNA-
based computation applications [24, 25]. For example, we have demonstrated a molecular logic
operation scheme called DNA scaffold logic, which isbased on the self-assembly of fluorescent
molecules on a DNA scaffold depending on a set of input molecules and is also based on
cascaded FRET signaling [25, 26]. In the original DNA scaffold logic, the output signa is
produced as a FRET signal by areporter molecule on the scaffold. When using a BHQ as the
reporter, the output signal provided is the state of the DNA releasg, i.e., it denotes whether
ssDNA isreleased (when the output is”1”) or not released (when the output is”0").

3. Experiments

The method used for the controlled release of DNA strands using BHQs was demonstrated
and characterized experimentally. Four types of BHQs, BHQ-0, BHQ-1, BHQ-2, and BHQ-3,
are commercially available at the present. They have different absorption spectra, whose peak
wavelengths are 495 nm, 534 nm, 579 nm, and 672 nm, respectively [27]. The full width at
half maximum of absorption band is wider than 100 nm [28]. Given the choice of BHQ-0,
BHQ-1, BHQ-2, and BHQ-3, we used BHQ-1 after consideration of the absorption spectrum
of the BHQ, the wavelength of the BHQ-excitation laser, and the excitation and emission wave-
lengths of the fluorescence molecule used. In the following text, "BHQ” means"BHQ-1". The
sequences and modifications of the strands used in the experiments are summarized in Tab. 1.
The DNA strands with Alexa 405 were purchased from Japan Bio Services Co., Ltd. and the
other strands, including the strands with BHQs, were purchased from Tsukuba Oligo Service
CO., Ltd. In the first experiment, a complementary pair of 10-base DNA strands, S and §HQ,
were used. § isthe target strand that isto be released. The BHQs were attached to §HQ at its
ends. One of the BHQs was used as a quencher for Alexa 405 in addition to its function as an
energy source. The state of the pair of strands, i.e., the hybridization state or the dehybridiza-
tion state, was sensed as a FRET signal from Alexa 405. The experimental setup is shown in
Fig. 2. A continuous-wave diode-pumped solid state laser (Spectra-Physics KK., Excelsior 532
Single Mode, wavelength: 532 nm) is used to excite the BHQs. The beam, which has awaist of
0.32 mm, isfocused by objective lens 1 (OLY MPUS, UPlanFl 4x, NA of 0.13) on the sample
plane. The power of the focused spot was 90 mW. A beam from alaser diode (RS Components
Ltd., DL-405-0.14, wavelength: 405 nm) is focused by objective lens 1 and objective lens 2
(Mélles Griot, 04 OAS 010 10x, NA of 0.25) to be used as the fluorescence excitation source,
and the fluorescence signal from Alexa 405 is measured using a spectrometer (B& W TEK Inc.,
BTC112E).

Three sol utionswere prepared; solution (i) contained strands §VF (5 uM) and "% inan SSC
buffer (NaCl 0.135 M, sodium citrate 0.0135 M), solution (ii) contained strand § (5 uM) alone
in the SSC buffer, and solution (jii) contained the strands § (5 uM) and " (5 uM) in the
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Laser diode (405 nm)

Objective lens 2 (10x)

Objective
Lens 1 Lens 2 N lens 1 (4x) Sample cell
C— ]

. \ ]
Diode-pumped ¢ gg f=300 Dichronic Optical fiber
solid-state laser mirror P
(532 nm) l Spectrometer

Computer EI

Fig. 2. Experimental setup. f: focal length.

Table 1. Sequences and modifications of DNASs used in the experiments.

Name Sequence
S 5 -ATACAAGATA-Alexad05-3
$He 5 -BHQ-1-TATCTTGTAT-BHQ-1-3
g 5 -ATACAAGATA-3
S 5 -TATCTTGTAT-3
S 5 -AGAGCGATACAAGATA-3
S, 5 -TCTTGTAT*CGCTCTGAAAGAGCGAT-Alexad05-3' (*: FAM)
S 5 -Biotin-CAAAAATACAAGATA-Alexad05-3'

SSC buffer. Solutions (i) and (ii) were prepared for control experiments. Solution (i) was used
to confirm that the BHQs emitted no fluorescence and solution (ii) was used to show that the
fluorescence from Alexad05 provided no changes with and without the BHQ-excitation light.
We tested only pairs of perfect complementary strands in the experiments for the following
reasons. When using apair of strandswith asingle or more mismatches, double-stranded DNAS
become unstable or are not formed. Inthis case, it isdifficult to know that the dehybridization is
induced by the effect of BHQs or not. Furthermore, for achieving optically controlled release, it
isimportant to maintain the non-release state during no BHQ excitation, in addition to release
thetarget strand during BHQ excitation. From this point of view, perfect complementary strands
are adequate to be used in practical use.

Figure 3 shows the time course of the fluorescence intensity at the emission peak wavelength
(425 nm) of Alexa 405 that was measured around the two-minute excitation of the BHQs. The
intensity capturing duration was two seconds for solution (i) and one second for solutions (ii)
and (iii). Solution (i) contained BHQs, but no fluorescence molecules (Alexad05), and thus
the measured intensity was around zero during the entire operation. Solution (ii) contained no
BHQs, and thus the high fluorescence intensity was maintained during the entire operation. In
contrast, in solution (iii), the fluorescence intensity was in the background level in the initia
state because Alexa 405 was quenched by the BHQs. At the start of the excitation process, the
fluorescence intensity increased, and it then decreased again immediately after the excitation
stopped. The results indicate that the system is in the released state when and only when the
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BHQs are excited.

BHQ excitation
>

30000 |

25000

r A Solution (i
20000 [~ - . (_)

i L @ Solution (i)
e —

15000 F———— ——— W Solution (iii)

10000

Fluorescence intensity (a.u.)

5000

Time (minute)

Fig. 3. Fluorescence intensity of Alexa 405 measured around the two-minute excitation of
the BHQs. The gray areaindicates the BHQ-excitation period.

Theratio, o, of the released strands is estimated using the following equation:

q— 1=l (5)
ls—Ig

Here, | is the fluorescence intensity that was measured for solution (ii), | is the corresponding
intensity for solution (iii) during irradiation by the excitation light, and |4 is the intensity for
solution (iii) when there is no irradiation. To clarify the dependence of o on the power of the
excitation light, we irradiated solution (iii) with various excitation powers. Figure 4(a) shows
thetime course of o after the excitation begins for various excitation powers. When calculating
o, we obtained |5 as the averaged intensity during the period from 0 to 6 min for solution
(i), 14 as the averaged intensity during the period from 0 to 2 min for solution (iii), and | as
the instantaneous intensity. The ratio o depends on the excitation power at any given time,
which indicates that the number of released strands can be adjusted by tuning of the excitation
power. Optically controlled release reached a near-equilibrium state 20 s or earlier after starting
excitation. o at the near-equilibrium state is less than 100%. This is because the excitation
beam irradiates only a part of a sample solution, and optically controlled release is not induced
within the entire solution.

Theratio o averaged over the period from 20 sto 2 min after starting the excitation (whichis
considered to be at the equilibrium state) for different excitation powersis shown in Fig. 4(b).
The ratio or was measured three times at every excitation powers. In our setup, the sample
solution is not entirely irradiated with the BHQ-excitation light, and the strands come into and
go out of theirradiation arearepeatedly by diffusion. The behavior of the strands changes owing
to only alittle difference of conditions including the temperature, the BHQ-excitation power,
and the concentrations of the individual DNAs. This is a possible reason for measurement
errors shown in Fig. 4(b). During the measurement, the fluctuation of the excitation power
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was no more than 1%. An approximately linear relationship is found between the excitation
power and o, although modeling of this process is difficult at present. According to Ref. [21],
the parameters 7 and o of the BHQ in Eq. (3) are estimated to be 7 = 0.05 nsec and ¢ =

0.013 nm?, and then the saturated excitation power Pé?t) can be calculated to be 282 W. P&H)
is much higher than the maximum power used in the experiment, and o will be increased by
increasing the excitation power or using a higher-numerical aperture (NA) objective lens. Note
that increasing the number of BHQs attached to each strand will be effective to enhance «
with the same excitation power. For example, use of superquenchers, assemblies of multiple

guenchers, is a possible approach to increase the number [29].

(a)

50
s & T *
40 -
9 . . ¢ omw
-%30 B 40mW
© " m g ®
2 . m = A 26 mW
@ 20 a =
3 - a & A& & 4 a ® omw
T 10 F— a 4
n e ®* *o o * * 0.
om—b—2
0 2 4 6 8 10 12 14 16 18 20
Time (sec)
b
(b) 60 I
50
9
< 40
k)
©
5 30
(2] =»
820
T ]
10 I
0 T T T T

0 20 40 60 80 100
BHQ excitation power (mW)

Fig. 4. (8) Time course of the release ratio o for various excitation powers. (b) Variation
of o due to the BHQ excitation power. Error bars indicate the standard deviation of three
measurements.

After ceasing excitation, the strand with the BHQs can hybridize again with the target strand
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because no physical or chemical change caused by the release process occurs in these strands,
and the target DNA strand is then re-released by the excitation of the BHQs. Figure 5 shows
the change that occurs in o during such repeated release and hybridization operations (five
cycles). Each excitation term lasted for 1 min and the excitation power was 89.8 mW. During
the calculation of o, we obtained |s as the averaged intensity during the period from 0 to 11
minutes for solution (ii), 14 as the averaged intensity during the period from O to 1 min for
solution (iii), and | isthe instantaneous intensity. The fluorescence intensity varied periodically
with following the BHQ excitation process. Dehybridization (release) and hybridization were
both achieved reversibly and repeatedly based on the proposed method.

BHQ excitation
O O ©O ©O <O

60
§
st f S e e
= y B . - " -
[0) L
2 20 - ! ;
> o - b L] L]
o 0 sumend H 5 \' t T -!
01 2 3 4 5 6 7 8 9 10 11

Time (minute)

Fig. 5. Variation of the release raito o« during repeated operations. The grey areas indicate
the periods of BHQ excitation.

A released DNA strand can ordinarily work in a subsequent reaction because the released
strand itself is modification-free. To demonstrate this capability, we designed aschemeinwhich
ahairpin DNA structure is opened by the released strand. The investigated schemeis shown in
Fig. 6. The system contains a hairpin DNA with a sticky end, an opening strand that is released
to open the hairpin structure, and a BHQ-attached strand that is partially complementary to
the opening strand. By irradiating the BHQs with the excitation light, the opening strand is re-
leased; it then reacts with the hairpin DNA to open the hairpin structure. Strands $2, ;' S,

and S, the sequences and modifications of which are shown in Table 1, were used: $"'° and
S have the same sequences with and without the BHQs, respectively, & is the opening strand,
and S, isthe hairpin DNA. A FRET pair, consisting of Alexa 405 acting as a donor and thein-
dicator dye FAM acting as an acceptor, were used to detect the form of the hairpin DNA. Three
solutions containing an SSC buffer (NaCl 3 M, Sodium Citrate 0.3 M) were prepared: solu-
tion (iv) contained all the components (strands §HQ, S, and S,), while solution (v) contained
strands §;, S, and S, and solution (vi) only contained strand S,. An operating cycle consists
of a5 min excitation and the measurement of the fluorescence intensity when the excitation
stops. The cycle was repeated six times. For solution (iv), the fluorescence intensity was also
measured without excitation of the BHQs.

Figure 7 shows the measured fluorescence intensities for the individual cycles. The intensity
isnormalized with respect to theinitial intensity. The highest intensity was obtained for solution
(iv) with excitation, while little increase in intensity was measured for solution (iv) without
application of the excitation. The results show that the hairpin DNA opensfollowing the release
of the opening strand by BHQ excitation. The intensities for solutions (v) and (vi) increase with
time, although they are not expected to increase. One possible reason for this is photobleaching
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Fig. 6. Scheme of reaction for opening of hairpin DNA using optically-released ssDNA.

of FAM caused by irradiation by the BHQ-excitation light. FAM is the acceptor of the FRET
pair that is used to detect the form of the hairpin DNA, and the FRET signal increases because
of the photobleaching of FAM. However, the increase in the intensity for solution (iv) with
excitation is greater than those for solutions (v) and (vi). These results demonstrate that the
reaction required to open the hairpin DNA is driven based on the optically controlled rel ease of
DNA. Note that this method is not limited to the reaction of opening hairpin DNA, and it can
be applied to other reactions through specific design.

To verify the controlled release process in a local space, a DNA release system was con-
structed on a substrate and subsequently demonstrated. The system was immobilized on aglass
substrate via a biotin-streptavidin bond [30]. The immobilization method is described as fol-
lows. Biotinylated Bovine Serum Albumin (BioVision, 7099-5, 12 biotin/BSA) was adsorbed
on the substrate by a hydrophobic interaction, and then streptavidin (Thermo Fisher Scientific)
was bound to the biotin. Sub%quently the biotinylated DNA strand § was bound to the strep-
tavidin, and the strand S£H'? that was used as the target strand to be released was added to allow
it to hybridize with §. The sequences and the modifications of the strands used are shown in
Table 1. Figure 8 shows the experimental setup used. Similar to Fig. 2, the diode-pumped solid-
state laser was used for BHQ excitation and the laser diode was used for fluorescence excitation.
The beam waist of the BHQ-excitation light behind the objective lens was 0.32 mm wide. The
beam diameter (1/€ of the peak intensity) of the spot that was focused by the objective lens
(Olympus, water immersion, LUMPIanFl, NA of 1.00) is calculated to be 3.8 um. The fluo-
rescence image was captured using a charge-coupled device (CCD) camera (Roper Scientific,
Cool SNAP fx Monochrome) through a bandpass filter (transmission range: 415 nm - 460 nm).

The fluorescence images were captured before and after 10-sec periods of irradiation with
the BHQ excitation light. To increase the signal-to-noise ratio, an 8 x 8 binning operation was
introduced for the fluorescence observation. Figures 9(a)-(d) show the captured and processed
images. Figure 9(d) shows that the fluorescence intensity increased around the irradiation spot.
Figure 9(e) shows the intensity profile of a cross-section that includes the maximum intensity
point in Fig. 9(d) and the Gaussian fitting curve. The fluorescence spot width was measured to
be 5.1 um. DNA release was achieved within a local area with a diameter of 5 micrometers.
The results here suggest that controlled DNA release can be realized at multiple positions or
in separate areas with resolution of 5 micrometers or better by simply shaping the excitation
beam.
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Fig. 7. Fluorescence intensity measured during reaction to open the hairpin DNA based
on optically controlled release of the opening DNA. Error bars indicate the maximum and
minimum values among the three measurements.
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Fig. 8. Experimental setup used for controlled release on a glass substrate.
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Fig. 9. (a) Bright field image of substrate. The position of the focused spot is indicated by
an arrow. Fluorescence images captured (b) before and (c) after 10 s period of excitation,
and (d) the difference image between them. Scale bar: 5 um. (e) Intensity profile of the
fluorescence distribution shown in (d).

4, Conclusions

We studied the optically controlled release of DNA strands via the nonradiative relaxation of
excited BHQs. The experimental results showed that the target DNA strands were released with
ratios of up to 50%, and thisratio was controllable by tuning of the power of the BHQ-excitation
light. The released strands were free from modifications, meaning that they were hybridized
again with their complementary strands reversibly and repeatedly. The strands were able to
induce an ordinary reaction to open a hairpin DNA as an example for subsequent reactions. We
also showed that the controlled release of the target DNA could be achieved within alocal area
with a diameter of 5 micrometers. BHQs are often used as acceptors in FRET systems, and
various fluorescent molecul es can be used as donors because of the broad absorption spectra of
the BHQs. Thisindicates that the method is extendable to the selective and multiplexed control
of DNA strand release.
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