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Control over synthetic DNA-based nanodevices can be achieved
with a variety of physical and chemical stimuli. Actuation with light,
however, is as advantageous as difficult to implement without
modifying DNA strands with photo-switchable groups. Herein, we
show that DNA nanodevices can be controlled using visible light in
photo-switchable aqueous buffer solutions in a reversible and
highly programmable fashion. The strategy presented here is non-
invasive and allows the remote control with visible light of complex
operations of DNA-based nanodevices such as the reversible
release/loading of cargo molecules.

Synthetic DNA/RNA strands are excellent engineering materials
to develop nanodevices and nanomachines that can find appli-
cations in sensing,’ drug delivery,® imaging® and molecular
transport.* The high programmability of Watson-Crick-Frank-
lin base-pairing, together with the reversible nature of the
interaction and the possibility to use it as a versatile molecular
scaffold, make synthetic DNA particularly suited to design
precise nanoscale structures.*”>® Responsive DNA-based nano-
devices are usually developed by rationally designing program-
mable nucleic acid domains that can recognize specific
molecular inputs like nucleic acids,” small molecules® or
proteins.” Actuation of such nanodevices has been achieved
with a variety of exogenous stimuli including temperature*®
and electric* and magnetic'® fields. To date, several strategies
have been proposed for the photo-regulation of oligonucleotide
structure and function.'*" Photocleavable groups (i.e. ortho-
nitrobenzyl moieties) can be introduced into DNA strands to
induce structural reconfiguration upon their cleavage at specific
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wavelengths.’ More recently, a novel strategy demonstrates
how thymidine residues placed in close proximity in DNA
nanostructures can, upon UV-light (310 nm) absorption, form
stable cyclobutane pyrimidine dimers and generate covalent
bridges.'® However, the cleavage and formation of covalent
bonds are irreversible, yielding DNA nanostructures that remain
permanently non-responsive. Reversible control has been
achieved by introducing azobenzene molecular photoswitches
into DNA strands.””"' Although, azobenzene-modified DNA
strands are tedious and costly to synthesize. In addition, their
actuation is generally slow and requires exposure to UV-
damaging light. Herein, motivated by the above considerations,
we propose an alternative strategy to control the functionalities
of several DNA-based systems using visible light. To do so we
propose here the use of indolinospirobenzopyrans (BIPSs),**
whose open protonated merocyanine forms can dissociate pro-
tons persistently and reversibly following visible light absorp-
tion (Fig. 1a).”® For this reason, BIPSs are suitable to regulate
proton transfer reactions®® in molecular machines,* supramo-
lecular systems,”® and materials.”” We have shown that the
ground state equilibrium composition of BIPSs in water can
be tuned according to the Henderson-Hasselbalch equation,
and that the corresponding light-triggered pH changes can be
significantly expanded up to 3 pH units.”® Recently, it was
shown that a similar approach can be used for controlling the
organization of DNA fibres and for inducing chirality changes in
DNA-origami-based plasmonic assemblies.”® Here we employ a
methoxy-substituted BIPS (hereafter simply referred to as photo-
acid) as a light-switchable buffering agent®*” for DNA nanode-
vices, showing that visible light-triggered pH changes can be
programmed to control complex operations such as the release/
loading of cargo molecules in a completely non-invasive fashion
(Fig. 1b).

The photoacid employed in this study can be actuated from
physiological conditions, giving rise to pH jumps from pH 7.4
to 4.8 under 500 nm light irradiation. We first demonstrate the
possibility of using such visible light-triggered reversible pH
changes to control the operation of DNA-based pH-dependent
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Fig. 1 (a) (left) Schematic representation of the reversible proton release/
uptake of indolinospirobenzopyrans in water and (right) corresponding
visible light-triggered pH change. (b) Schematic illustration of the remote
and reversible control over the functionalities of DNA-based systems
achieved in this study.

unimolecular switches (i.e., pH nanoswitches) (Fig. 2a).>° These
switches are single stranded DNA sequences that are rationally
designed to form an intramolecular triplex structure between a
hairpin duplex domain and a single-strand triplex-forming
portion. By exploiting the pH-dependence of the Hoogsteen
interactions in the triplex structure, we and others have demon-
strated the possibility to control the folding/unfolding (triplex/
duplex) process with pH.** Of note, the sequence of these
switches can also be conveniently programmed to show differ-
ent pK, and thus folding/unfolding over different pH windows.
More specifically, in this work we employed three different
DNA-based pH nanoswitches designed to show three different
pH sensitivities over a wide range of pH. To measure the
apparent pK, of these switches we have labelled them with
pH-insensitive fluorophore/quencher pairs so that the folding/
unfolding of the triplex structure can be easily followed by a
change in fluorescence signal. To avoid possible optical inter-
ferences with the photoacid, whose absorption arrives up to
600 nm,*' we employed fluorophores that operate in the NIR
region. The apparent pK, of the three different pH nanos-
witches was probed by fluorescence spectroscopy, monitoring
the progressive increase in fluorescence signal (due to triplex—
duplex transition) upon consecutive additions of sodium hydro-
xide to a solution containing the nanoswitch and the photo-
acid, which act as a buffering agent in the dark (Fig. 2b-d, left).
Apparent pK, values were estimated by non-linear least square
fitting as described previously.*® The obtained values correlate
with the different structures of the pH nanoswitches, as the
increase of the pK, (from 6.4 to 9.5) can be ascribed to
the shorter linker connecting the triplex-forming domains
and the lower content of C-G-C Hoogsteen interactions.>*
We then moved on investigating the actuation of these pH
nanoswitches with visible light. In a typical experiment, the pH
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Fig. 2 (a) Control over the folding/unfolding process of a pH-dependent
DNA nanoswitch by a light-switchable buffer system that can be actuated
at physiological pH. Upon light-irradiation (yellow region), the merocya-
nine converts into the corresponding spiropyran causing a rapid decrease
of the pH from 7.4 to 4.8. Once the light irradiation is stopped, the medium
returns to its original pH value. (b—d) pH titration curves and kinetic traces
showing the reversibility of three different pH nanoswitches with pK, of
6.4, 7.4 and 9.5. Experimental conditions: [nanoswitch] = 15 nM, [photo-
acid] = 0.5 mM in an aqueous solution of NaCl (20 mM); see ESI} for more
details.

nanoswitch is added to a solution containing the photoacid
carefully neutralized to pH 7.4. Irradiation was provided from
the top of the spectrofluorometer through a fiber-coupled LED
light source (see ESIt for more details). Fluorescence time-
course experiments were performed acquiring the fluorescence
signal during repetitive light on/light off cycles (Fig. 2b-d,
right). As expected, we found that the folding/unfolding
behavior of the nanoswitches varies depending on the corres-
ponding apparent pK,. At physiological pH, the pH nanoswitch
featuring the lowest pK, (pK, = 6.4, represented in black)
resides almost exclusively in its duplex conformation, as con-
firmed by the high fluorescence signal. Visible light irradiation
(500 nm, 2 min, yellow regions) results in a rapid decrease of
the solution’s pH, which in turn induces the folding of the
nanoswitch into its triplex conformation and a rapid decrease
of the fluorescence signal. Of note, light-induced triplex formation
occurs almost quantitatively as we observe more than 87% of the
switch in its triplex folded conformation (see Fig. 2b). The other
pH nanoswitches for which the corresponding apparent pK,
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equals (pK, = 7.4, green) or exceeds (pK, = 9.5, blue) the pH of the
solution, display duplex/triplex distributions that are equimolar or
almost totally shifted to the triplex conformation, respectively. It
follows that light irradiation can shift their equilibrium distribu-
tions only to a lesser extent. Light/dark fluorescence intensities are
fully compatible with those expected from the corresponding pH
titration, considering the pH change of the solution from pH 7.4 to
pH 4.8. In all cases, once the irradiation is stopped, a gradual
increase of the fluorescence is observed, demonstrating the return
of the nanoswitches to their corresponding equilibrium distribu-
tions due to the concomitant increase of the pH of the solution to
the initial value in the dark. All the systems are fully reversible and
display excellent stability over multiple cycles without a significant
loss of efficiency (Fig. 2b-d).

To test whether we can achieve light-activated temporal
control over the unfolding/folding process we decided to con-
tinue our studies with the pH nanoswitch for which the light-
triggered duplex-to-triplex transition can be achieved quantita-
tively (pK, = 6.4, black). We first show that the pH recovery
kinetics (i.e. the time needed for the solution’s pH to return to
the original value after stopping the light irradiation) depends
on the initial pH of the solution, becoming progressively faster
passing from acidic to basic pH values.”®*> This can be
rationally controlled by partially neutralizing the photoacid
solution to a different extent. By doing this we show that the
half-life of pH recovery (¢;/,) can be tuned from 8 to 1 minute by
varying the neutralization degree (i.e. the equivalents of sodium
hydroxide added in the solution, hereafter indicated with the
Greek symbol «) from 0.19 to 0.74 (Fig. 3a). Using the same
experimental conditions with our DNA pH nanoswitch we
observed folding/unfolding kinetics that are fully consistent
with the corresponding neutralization degree (Fig. 3b). Careful
analysis of the half-life of the nanoswitch as a function of o
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Fig. 3 (a) pH changes as a function of the neutralization degree; from
bottom to top, « = 0.19, 0.29, 0.37, 0.47, 0.62 and 0.74, respectively. (b)
Corresponding time-course of the fluorescence intensity as a function of
a. (c) Analysis of half-life as a function of a; the equilibration of the pH
nanoswitch takes ca. 1 minute. (d) Switching experiment as a function of
light irradiation (5 mW) time, t = 10, 5, 10 s and 1, 5, 10 and 20 minutes.
Experimental conditions: [nanoswitch] = 15 nM, [photoacid] = 0.5 mM in
an aqueous solution of NaCl (20 mM), T = 25 °C.
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reveals that the unfolding recovery is delayed by ca. 1 minute
compared to the half-life of pH recovery (Fig. 3c). This result is
consistent with the equilibration kinetics of this type of pH
nanoswitch observed so far*® and indicates that our strategy is
non-invasive. In addition, the actuation is highly modular, as
both the extent and the duration of the folding/unfolding
process can be tuned simply by varying the irradiation time
(Fig. 3d).

Next, we wanted to see whether our approach can be
extended to triplex-based receptors to achieve controlled load-
ing/release of a DNA ligand. To do this we have employed a
well-known pH-responsive receptor that allows to control the
loading/release of a specific DNA ligand at different pHs.*'
More specifically, we used a stem-loop structure re-engineered
to contain a ligand binding site on the loop and a pH-
dependent domain on the stem. At basic pH the receptor can
efficiently load the ligand, whereas at acidic pH the Hoogsteen
interactions of the triplex structure can stabilize the stem
reducing the ability of the receptor to bind the ligand, thus
inducing its release. The loading/release of the ligand can also
be followed by labelling the ligand itself with a pH-independent
optical pair (Fig. 4a).

First, we investigated the capability of the DNA receptor to
bind the ligand in our light-responsive medium neutralized at
basic or acidic pHs (Fig. 4b). The apparent binding constant
was estimated by non-linear least square fitting, as described
previously.>'® In accordance with previous studies, the appar-
ent binding affinity decreases by ca. two orders of magnitude
(K4 from 10”7 M at physiological pH to 10~> M at pH 4.5).

a) hv

\
Rea
opened\jw/ Closed
U
Cargo Cargo
Loaded C— Released
b) c)
120 3 -
é Load
S8 )
&
§ )
240
w b o © ® Release
I . s | \U P
10° 107 10° 0 10 20 30 40
[Receptor] (M) Time (min)
Fig. 4 (a) Light-activated control over a DNA-based nanomachine for the

loading/release of a DNA cargo. (b) Binding curves of the cargo (50 nM)
obtained in the presence of the photoacid. (c) Kinetic trace of several on/
off cycles obtained at a fixed concentration of receptor (320 nM) and
cargo (50 nM) in the presence of the photoacid. Experimental conditions:
[photoacid] = 1.0 mM in an aqueous solution of NaCl (150 mM) and MgCl,
(1 mM) neutralized until physiological pH or at pH 4.5, T = 25 °C.
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Finally, we tested the reversibility of this synthetic DNA recep-
tor in our visible light-switchable buffer system (Fig. 4c). Under
dark conditions and physiological pH, the high fluorescence
signal indicates the loading of the ligand, which is achieved
when the stem is in its duplex-structure. When the pH turns
acidic after light-irradiation (500 nm, 2 minutes, yellow
regions), the formation of the triplex structure induces the
consequent release of the cargo, as witnessed by the rapid
decrease of the fluorescence signal. Once the light irradiation is
stopped, the pH of the solution gradually returns to its original
value, promoting the transition to the duplex state and the re-
uptake of the cargo. Also in this case the system displays
excellent fatigue resistance, as the cargo can be reversibly
released/loaded for at least 5 cycles.

In summary, we have described here the possibility to
remotely and reversibly control the functionalities of pH-
dependent DNA-based nanodevices by using visible light-
switchable buffers. The majority of light-controlled DNA sys-
tems reported so far are based on azobenzene-modified
oligonucleotides,” ' which are tedious to realize and require
UV-light irradiation. Given the simplicity, the (bio)compatibil-
ity, and the possibility to efficiently use visible light, we believe
that the strategy presented here will open new horizons for
controlling reversibly the behaviour of even more sophisticated
DNA-based systems.
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