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6.1 Introduction

Nature has evolved sophisticated biomolecular switches and
nanomachines through billions of years of evolution that can
change the shape or activity in response to various stimuli
such as temperature, light, pH changes, small molecules,
proteins and hormones. One example of such class of natural
molecular switches is G protein-coupled receptors (GPCRs),
a large protein family composed of more than 1,000 members
[1,2]. These proteins can sense and respond to a plethora of
extracellular stimuli to activate various biological outputs
inside the cell (Figure 6.1). Such bio-nanosystems are of
great inspiration to engineers interested in building nanosys-
tems that produce useful output in response to specific
chemical signal.

Nanoengineers have explored all types of chemistry in
an attempt to recreate switches and nanomachines found
in nature (see for example 2016 Nobel Prize [3-6]). While
protein chemistry should, in principle, represent a mate-
rial of choice to do so, it has revealed to be much
more complicated than expected: using polypeptides to
build useful switches from scratch remains extremely chal-
lenging [7-10]. Other types of chemistry have been also
exploited with relatively good success (e.g. see 2016 chem-
istry Nobel Prize), but the switches and nanomachines
engineered so far often remain simple proof of concept
[3-6]. In recent years, DNA chemistry, with its high

programmability and life-compatible features, has risen into
a “happy medium” biopolymer that enables to rationally
engineer a wide variety of useful nanomachines and molec-
ular switches [11-18]. Our capacity to create specific DNA
structures with defined thermodynamics has played a major
role in propelling this research field into the spotlight
[13,19,20]. Due to its simplicity, DNA chemistry has also
enabled to recreate many highly complex signaling mecha-
nism employed by natural switches and nanomachines (e.g.
allosteric mechanism, population-shift regulation [21-26]
(Figure 6.2)).

Artificial DNA switches are generally programmed and
engineered to generate a measurable signal (e.g. fluorescent,
electrochemical) or to trigger a precise activity such as drug
release in response to a specific input stimulus. They typi-
cally alternate between two conformations often referred to
“OFF” and “ON”. These switches are now used as tools
for biosensing (e.g. Kramer et al. 1996 molecular beacon
for medical diagnostic [27]), fundamental research and drug
delivery applications (see Ref. [12]) for a recent review on
this field). In this chapter, we will briefly exemplify why
DNA is an ideal polymer to build a wide range of useful
nanotechnology. We will explain how we design and engi-
neer DNA switches for useful biological applications such as
biosensing and drug delivery. Finally, we will conclude with
an outlook on the future of DNA switches and nanomachines
in the field of medicine.
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FIGURE 6.1 GPCRs are biomolecular switches that sense a wide variety of input stimuli and transduce this information into a

wide variety of signal output. These represent a great inspiration for building nanoswitches or nanomachines for various applications.

(Reprinted by permission from Springer customer service center gmbh: Springer Nature, Nature Reviews Cancer. Reference [2]. Copyright

2007.)
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FIGURE 6.2 Bio-inspired DNA switch recreating hemoglobin’s
response behavior. (Adapted with permission from Ref. [26]. Copy-
right 2017 American Chemical Society.)

6.2 DNA: A Simple and Versatile
Nanomaterial

Even if most natural switches are composed of proteins and
to a lower extent of RNA, most recent advances in switch
engineering in the field of nanotechnology have been carried
out with DNA [13,19,20,28]. Although mainly studied for its

genetic carrier role since its discovery by Watson and Crick,
the immense potential of DNA programmability has been
first applied in the 1980s and early 1990s to build specific
3D structures [29-34] with some displaying catalytic (e.g.
DNAzyme) [35] or binding activities (e.g. DNA aptamers)
[36,37]. In this section, we will go briefly over the three main
reasons that make DNA an ideal programmable biopolymer
for engineering nanosystems and will conclude with a brief
overview on artificial automated DNA synthesis.

6.2.1 High Programmability

The first reason that makes DNA an ideal polymer is that its
simple base pairing code, A-T and C-G, enables to predict
its secondary structure and thermodynamics. This simple
base pairing code, for example, was well exploited by soft-
ware prediction tools such as mfold and NUPACK [38,39]
to predict the folding energy of any DNA sequence into
unimolecular or bimolecular structures in different condi-
tions (e.g. salt concentration, temperature). This simple
feature has fueled most of the advances in DNA nanotech-
nology [40-42] since the pioneering work of Seeman in the
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1990s [43]. In addition to thermodynamic control, various
strategies have been proposed to control DNA association
kinetic to create more optimized DNA nanomachines [44,45].
Another feature highlighting the high programmability of
DNA chemistry is that DNA sequences can be selected
to bind almost any target of interest with high specificity
and affinity (e.g. hydrogen ions, metal ions, small organics,
proteins and even living cells, bacteria or virus) through
natural evolution techniques like SELEX (see Section 6.3.1)
[36,37].

6.2.2 Life-Compatible

Second, DNA switches are nanosized and already life-
compatible, which allows the engineering of nanotechnolog-
ical tools that can be directly applied to living systems.
Most of the time, DNA requires very little modifications
to resist living environment (e.g. mammalian cells or multi-
cellular organisms) while still maintaining biocompatibility
properties [46]. They can also be adapted easily to escape
immunological response, which could lead to the develop-
ment of therapeutic agents that could be used in medical
settings [47].

6.2.3 Simple Automated Artificial
Synthesis

The third and last reason that makes DNA an ideal
polymer for nanotechnology is the simplicity of artificial
DNA synthesis that produces DNA sequences in high yield
and at a low cost (US$0.05-0.15 per nucleotide) [48]. While
there are multiple different methods to synthesize oligonu-
cleotides, the phosphoramidite approach [49] is the most
often employed. Its adaptation on solid support allowed
to build automated systems for faster and more efficient
synthesis [50].

The automated method consists of four successive steps
repeated for every nucleotide from the starting 3’ to 5’
end (i.e. in the other direction than DNA biosynthesis)
(Figure 6.3): (i) detritylation, (ii) coupling, (iii) oxida-
tion and (iv) capping. This synthesis method is usually
performed on a column containing a controlled pore glass
(CPG) solid support bearing a specific nucleotide load
protected with a 5-DMT ready for the first synthesis
step. In the first step, the protective group 5-DMT (4,4'-
dimethoxytrityl) that protects the nascent DNA from
unwanted coupling is removed leaving a 5-OH on the
solid support. Then, the next nucleotide phosphoramidite
monomer from the DNA sequence is injected allowing its
coupling to the DNA on solid support. The coupling step
leaves a phosphite triester for the internucleotide linkage
that is unstable and needs to be converted to the phos-
phate triester during the oxidation step. The last step,
capping, enables the removal of 5'-OH unreacted DNA that
is produced due to the impossibility of reaching a 100%
coupling efficiency. If not removed, these sequences could
keep reacting and introduce DNA sequences missing some
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FIGURE 6.3 Automated organic synthesis of DNA oligonu-
cleotide on solid support with the phosphoramidite method [50].

nucleotides. DNA oligonucleotides are then cleaved from
the solid support and nucleobases are de-protected. Finally,
DNA oligonucleotides are purified by various methods such
as reverse-phase cartridge, high-performance liquid chro-
matography (HPLC) and denaturing electrophoresis.
Many research groups are ordering their specific oligonu-
cleotides (modified or not) from companies (e.g. IDT
Biosearch, IBA, Sigma Aldrich) by simply entering their
sequence in the webserver. These are generally received
within 2 days for unmodified oligonucleotides or in less
than a month when special modifications are requested.
Many academic laboratories also perform their own DNA
synthesis using an automatic synthesizer and commercially
available phosphoroamidite monomers. Commercially avail-
able phosphoroamidites monomers also include a wide diver-
sity of modified nucleotide (aside normal A, T, C and G)
with additional functional groups (e.g. amine, thiol, azide
and alkyne), and many other more complex groups (e.g.
fluorophore, quencher, cholesterol, tocopherol). It is also
possible to work beyond commercially available phospho-
roamidite monomers by simply synthesizing either the phos-
phoroamidites [51-53] or the CPG solid support [54-56] in
house, which is routinely performed by various laboratories.

6.3 Engineering DNA Switches

DNA switches engineering is a key task in the field of DNA
nanotechnology. Rational design of DNA switches can be
summarized into four main steps: (i) a chemical input is
first identified based on your research interest (e.g. what
do you want to measure; what is the target stimulus you
want your DNA switch to respond to); (ii) a DNA scaffold
is selected and designed to provide a conformational change
mechanism that is triggered by the selected input; (iii) a
signal output is then mounted on the DNA switch to trans-
late the input recognition and conformational change into a
relevant output signal that will fit your specific application
(e.g. fluorescence, current, drug release) and (iv) the DNA
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switch must be adapted to work in complex environment
with specific chemical modifications (e.g. cellular uptake,
nuclease resistance). These four steps will be discussed in
detail in the following sections.

6.3.1 DNA Switches Input

DNA chemistry, like protein chemistry, can be adapted to
respond specifically to a large variety of chemical inputs
(Figure 6.4). Therefore, the first and most important step
in DNA switch engineering is to identify the appropriate
chemical input that suits the application of your choice. For
example, if your application is biosensing, you should find
an analyte of interest that can help you answer your scien-
tific question (e.g. protons can be selected if pH measure-
ment is key to your application). Another example, drug
delivery DNA switches could involve a disease biomarker
as the input signal to trigger the switch to release a specific
drug. As such, we can divide the inputs used for DNA switch
in two categories: chemical stimuli or physical phenomena.
For example, one of the simplest physical change that can
impact DNA folding is temperature. DNA unfolding due
to temperature increase was one of the first DNA phys-
ical property studied extensively and is at the center of a
myriad of scientific applications like polymerase chain reac-
tion [57,58].

Melting temperature of DNA (Tm where 50% of DNA
strands are in the single-stranded form) was also found to
be dependent on the GC content of the DNA duplex since
GC base pair is more stable than AT (that is because GC
base pair forms three hydrogen bridges compared to two
in AT base pair) or to salt concentration (an example of
chemical stimuli) [59,60]. This important feature of DNA

Recognition Input
element
/\/\ Temperature
Oligonucleotide DNA, RNA
@W Metals ions
DNAzyme
lons
Small molecules
Proteins
Cells, virus
Aptamer
15000
Triplex DNA

FIGURE 6.4 DNA structure can bind and/or respond to a
plethora of input stimuli. (Adapted from Ref. [12] with permission
from The Royal Society of Chemistry.)

Nanopharmaceuticals, Nanomedicine, and Food Nanoscience

allowed the engineering of various DNA switches like DNA
nanothermometers [61-65].

Like natural GPCR, light can be used as physical stimuli
to trigger DNA switches by the specific incorporation of
functional groups bearing azo-benzene in the DNA strand
that can switch between cis and trans conformation [66-69].
Another physical property of DNA, its natural conductance
[70,71], can be selected as an input signal and successfully
used to develop structure-switching mechanism by direct
current flow through the DNA switch [72,73]. Electrochem-
ical stimuli is another example of physical phenomena that
can be employed to design a structure switching mechanism
(e.g. Pb(II) reduction) [74].

On the other hand, chemical stimuli are based on
molecules, ions or large biomolecules that bind various DNA
structures, which can be used as inputs for DNA switches.
The simplest chemical stimuli used to build DNA switch
are hydrogen ions which allowed engineering of nanosized
pH meter [75]. These DNA switches are based on specific
DNA structures such as i-motif [76,77], poly dA helix [78]
or parallel triplex [16], which need acidic pH to fold. Hence,
a small variation in pH can result in the unfolding of the
DNA switch, which allows the precise monitoring of pH vari-
ations at the nanoscale. These tools can be used to measure
pH inside living cells [79,80] or to engineer drug delivery
systems [81]. Similarly, other ions can be used for the folding
of specific DNA structures like G-quadruplex that require
potassium ion to form [82], which can be adapted into a
simple potassium sensors [83] or into sophisticated DNA
nanochannels [84]. Other G-quadruplex DNA structures are
also of interest for their ability to bind specific metal ions
such as Pb(II) [85], T1(I) [86] and many other monova-
lent and divalent metal ions [87]. Small organic molecules,
like members of the porphyrin family, can also bind various
G-quadruplex structures [88,89]. DNA mismatch can also be
used to detect metal ions like T:T mismatch for Hg(IT) [90]
or C:C mismatch for Ag(I) [91]. Nucleic acid sequences made
of either DNA or RNA form perhaps one of the simplest
class of molecular inputs that can be incorporated and easily
programmed within the DNA switch (as it will be described
in the next section). An example of DNA switch based
on nucleic acid recognition is the molecular beacon, widely
used for medical diagnosis since its conception by Tyagi and
Kramer [27].

In the event that a specific input target of interest has
no known DNA binding sequence, SELEX methods can
be employed to identify nucleotide sequences that display
high affinity for small organics [92], proteins [93,94] and
even viruses [95] or whole bacteria [96] (mostly through
surface proteins/sugars). Briefly, SELEX (short for system-
atic evolution of ligands by exponential enrichment) is
a method developed in 1990 [37,97] in which specific
nucleotide sequences (referred to as aptamer with typi-
cally 15-40 nucleotides) from random libraries are selected
to bind specific targets with high affinity through several
rounds of selection. This method was first developed for
RNA selection but was then rapidly adapted to select DNA
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sequences [36]. In this method, one selection round typi-
cally consists in a simple binding experiment where DNA
sequences bound to the target of interest are amplified and
used for the next selection round.

6.3.2 Engineering Switching Mechanisms

Engineering switching mechanism represents, without a
doubt, the most important step in the development of DNA
switches. This mechanism involves a change in structure
from conformation 1 to conformation 2 in the presence of the
input selected (also often referred to as OFF and ON states,
see output Section 6.3.3). This structural change from
conformation 1 to conformation 2 will be adapted to produce
a relevant signal output as it will be detailed in the next
section. When engineering the switching mechanism, one
should always keep in mind the desired signal output mecha-
nism (e.g. fluorescence, electrochemistry, drug delivery). For
example, signal output performance (signal-to-noise ratio)
is often related to the magnitude of the conformational
change that occurs in the presence of the selected input.
Some DNA structures intrinsically go through a signifi-
cant conformational change in the presence of the input.
For instance, some G-quadruplex structures will go from a
single-stranded DNA to a four-stranded quadruplex struc-
ture in the presence of the input (e.g. potassium ions) while
other structures will only undergo mild-to-no conforma-
tional changes upon binding to their targets. To overcome
this limitation and engineer a structure-switching mecha-
nism in a specific DNA structure, one can take advantage of
the population-shift model and stabilize an alternative non-
binding structure within the original DNA sequence [42,98].
In this strategy, a slightly modified DNA sequence can be
made to adopt a distinct conformation from the original one
(i.e. a non-competent binding state) (Figure 6.5). This non-
binding conformation will switch back and forth with the
original conformation through chemical equilibrium in the
absence of input molecule. Therefore, one can stabilize this
non-binding conformation so that in the absence of input
molecule, most of the DNA switches are in the non-binding
conformation. Stabilizing the non-binding conformation also
means there is now an energetic price required for the
DNA switch to adopt its original conformation (to undergo
a conformational switching). This energetic price is paid
through binding of the input molecule, that form a more
stable complex with the DNA switch than the non-binding
conformation. This system is conveniently described using
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FIGURE 6.5 Population-shift mechanism: a non-binding DNA
conformation shifts toward a binding-competent conformation
upon binding to a specific chemical input. (Adapted from Ref. [12]
with permission from The Royal Society of Chemistry.)
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a three-state population-shift model: a binding-competent
state and an input molecule bound state that both have the
same conformation and a non-competent binding state that
has a distinct conformation.

Many strategies can be used to engineer a non-binding
state within the original DNA structure (Figure 6.6). A
first approach consists in adding complementary nucleotides
at both extremities of the original DNA sequence to force
a stem-loop conformation (Figure 6.6a). This strategy was
employed successfully by Kramer et al. in 1996 when they
designed now famous molecular beacons that open upon
binding to specific complementary nucleotides sequence [27].
Another strategy is to destabilize the original DNA struc-
ture by introducing mutations in the binding-competent
conformation, which will favor an alternative non-binding
conformation (Figure 6.6b) [99]. In the presence of input
molecule, this equilibrium toward the non-binding confor-
mation will shift back toward the binding-competent state
to form a switch-input complex. It should be noted that
mutation should be introduced with care in this strategy to
avoid changing the intrinsic Kp and specificity of the DNA
sequence with its input molecule. To avoid inserting muta-
tions in the DNA sequence, a simpler strategy is to design a
DNA sequence that is complementary to the switch sequence
(Figure 6.6¢). The addition of a complementary DNA will
sequester the switch into a double-stranded DNA whose
conformation will be different from the binding-competent

(d) dal S
€ %‘—_’w{ié C

Strand displacement

©
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FIGURE 6.6 Engineering strategies to introduce a switching
mechanism in DNA recognition elements. F: fluorophore; Q:
quencher. (Adapted from Ref. [12] with permission from The Royal
Society of Chemistry.)
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conformation. Here, the chemical input will compete with
the complementary DNA and the switch will undergo a
structure switching mechanism upon input binding [100].
This approach is particularly useful when working with
DNA aptamers that adopt a unique DNA conformation as it
is easy to design a complementary DNA sequence [41,101].
Another way to avoid mutations is to divide the switch
sequence in two parts that can dimerize to form the binding-
competent state (Figure 6.6d) [98]. This strategy is also
largely employed with DNA aptamer sequence whose struc-
tures can be roughly modeled using available computational
tools like mfold. A last strategy, called strand displacement,
can also be employed to build DNA switches (Figure 6.6e).
In this strategy, the “switch” sequence is sequestered in a
non-binding state with a complementary DNA strand like
described previously except that there is a single-stranded
terminal anchor (toehold domain) that is not bound. This
toehold domain is free to hybridize to a part of an input
DNA sequence (i.e. the input molecule in this case; see Ref.
[100]). This process allows for strand exchange in the pres-
ence of the input molecule that results in a significant confor-
mational change [45]. Here the input molecule is an invading
DNA strand, but it is possible to adapt the strategy, so the
invading input molecule can be replaced by proteins or small
molecules. To achieve this, one can employ aptamer-bound
toeholds [102,103], G-quadruplex structures [104] or even
pH-sensitive DNA sequences [105].

The thermodynamics of the population-shift model
controls the performance of the DNA switch. To understand
this, let’s consider the following two chemical equilibrium:
Kgs and Kp based on different conformations (C) of the
switch:

Cnon—binding

Cbinding

Cinput

Cbinding + iIlpU.t

where Kp represents the affinity of the chemical input
for the binding-competent conformation. However, the
introduction of a non-binding conformation and, thus Ksg,
modifies the apparent binding affinity of the switch with the
following relationship:
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This increase in apparent Kp represents the energetic
price required to introduce the non-binding conformation
(Figure 6.7a). As such, the Kg value should be chosen wisely
since the lower its value, the higher the apparent Kp will
be (Figure 6.7a). Ks may often be tuned to optimize the
activity of the switch at the relevant concentration of the
chemical input [21]. When the lowest detection limit of a
switch is needed, Kg may be set between 0.1 and 1 as this
maintains a low apparent Kp while between 90%-50% of
the DNA switch goes from non-binding state to binding-
competent and bound state in the presence of the input
molecule, respectively (Figure 6.7b and c).

The high programmability nature of DNA is only fully
exploited when we couple switching engineering strategies
with DNA structure software prediction like freely available
webserver mjfold [38] and NUPACK [39]. These webservers
are able to compute the folding and free energy of a DNA
sequence at a specific temperature and salt concentration
for unimolecular or bimolecular processes. Therefore, these
tools are crucial to design non-binding state as they are able
to predict the Kg with the Gibbs free energy:

AG = —RT - In (Ks)

For mfold, the unimolecular folding prediction is performed
with the mfold application tool while the bimolecular folding
is performed with DINAmelt application [106]. The Kg
calculated by mfold can then be validated experimentally
using urea [107] or temperature [108] denaturation curves.

6.3.3 Engineering Output Functions in
DNA Switches

One of the last steps to engineer a functional DNA switch
is to translate the conformational change induced by a
chemical input into a relevant and measurable output signal.

1.0mM+ 95% optimal
10 uM
= 80% optimal
2
g 0.1 uM 4
1.0 nM

(a) Stabilizing a non-binding conformation to create a switching molecule with an equilibrium Kg decreases the apparent

affinity KaDpp of the input molecule for the switch. (b) The amplitude of signal change induced by binding of the input molecule to the

DNA recognition element depends on the Kg of the non-binding conformation. (¢) A Kg between 0.1 and 1 is ideal to optimize the

detection limit of the switch. (Reprinted with permission from Ref. [21]. Copyright 2009 National Academy of Sciences.)
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There is a wide variety of output signaling mechanisms
that can be discussed, but due to limited space, we will
focus on the most commonly used strategies. The simplest
and most widely used output signal implemented in DNA
switch is fluorescence spectroscopy either by quenching or
FRET (Forster resonance energy transfer) [109,110]. For
instance, one of the first DNA switch developed, the molec-
ular beacon by Kramer, employed fluorescence quenching
as the output signal to monitor binding of a target DNA
sequence (Figure 6.8a). To render the DNA switch fluores-
cent, a fluorophore (e.g. fluorescein, cyanine dyes and many
others) is inserted at one of its extremities while a molecular
quencher (i.e. a molecule that can absorb the light emitted
by the fluorophore) or another fluorophore that can absorb
light and re-emit at a higher wavelength is attached at the
other extremity. A significant change in fluorescence signal
can then be detected when the dyes are separated by a
distance larger than their Forster radius (typically ~50A)
[111]. Since DNA switches alternate between two conforma-
tions, one can strategically place the fluorophore/quencher
pair so that they are physically close (~20A) in one confor-
mation and far from each other (>504) in the other confor-
mation. Binding of the input molecule will thus either bring
fluorophore/quencher pair close or far from each other. Fluo-
rescent switches can either be qualified as “signal OFF”
or “signal ON” switches when the fluorescence decreases
or increases upon input molecule addition. Fluorescence is
often used for its high sensitivity and simplicity in biosensing
applications although it cannot be used in medium that
cannot transmit light (e.g. whole blood).

Electrochemistry is also often employed to monitor
conformational changes within DNA switches (e.g. cyclic
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voltammetry (CV) or squarewave voltammetry (SWV)). In
this approach, DNA is often covalently attached on an elec-
trode surface via a sulfur linker, for example, if a gold
surface is employed [115]. Other linkers may be used for
other surface such as glass or glassy carbon [116]. Confor-
mational changes are monitored by adding an electrochem-
ical reporter (e.g. methylene blue or ferrocene) on the switch
that undergoes redox reactions when located near the gold
surface (Figure 6.8b). As described for fluorescence, this
reporter needs to be strategically placed so that it is either
brought closer (signal ON) or farther from the surface
(signal OFF) in the presence of the input molecule. Classic
electro-active molecules employed are methylene blue or ions
like ferricyanide [117]). One great advantage of electrochem-
ical output is their ability to signal efficiently directly in
whole blood. Electrochemical DNA switches thus show much
promises for point-of-care sensing applications in medical
diagnostics (Figure 6.8c) [114,118-120].

Alternative signal output approaches like colorimetric
changes employ nanoparticles to translate a DNA switch
conformational change. In a colorimetric assay, for example,
a visible color change can be detected upon nanoparticle
aggregation in the presence of a specific input molecule
[121,122]. To do so, single-stranded DNA switches are often
used to prevent nanoparticles from aggregating. In the
presence of their input molecule, these switches fold and
decrease their affinity for the nanoparticles surface, which
results in their aggregation. This approach can be adapted
to a variety of input ranging from pH changes [123] to
small organics and proteins [124]. Other approaches involve
electrochemical plasmonic sensing systems [125] and surface-
enhanced Raman spectroscopy [126,127].
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© =Redox label
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(a) Fluorescence output to monitor DNA switches requires a conformational change upon binding on the input molecule

that brings a fluorophore/quencher pair far from each other. (b) Electrochemical output can be used to monitor DNA switches in which

a redox element is brought far from an electrode surface upon binding of the input molecule. (c) Electrochemical output can be adapted

to portable systems and multiplexed for point-of-care approaches. (Panel A is adapted with permission from Ref. [112]. Copyright 2010

American Chemical Society. Panel B is adapted with permission from Ref. [113]. Copyright 2012 American Chemical Society. Panel C is

adapted with permission from Ref. [114]. Copyright 2015 American Chemical Society.)
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6.3.4 Adapting DNA Switches for
Complex Environment

An increasing proportion of DNA switches are used for
applications related to living organism whether in vitro or
in vivo. Such applications include biosensing inside living
cells or drug delivery systems in living animals like mice.
As a result, various strategies are required to adapt DNA
switches for harsher environment (e.g. nuclease-rich environ-
ments) or simply to allow them to reach their final destina-
tion (e.g. cellular uptake) [47,128]. These modifications are
not intended to impact the switching mechanism but rather
to adapt DNA switches to the cellular environment. One
of the biggest obstacle when employing DNA switches in
living organism is the presence of nucleases that can easily
degrade unmodified DNA (e.g. half-life of short unmodified
DNA oligonucleotides is in the order of minutes in whole
blood) [129]. To overcome this limitation, a myriad of chem-
ical modifications can render DNA resistant to nuclease
degradation with often little impact on the DNA thermody-
namic and function (although it should be validated exper-
imentally case by case). One common target for chemical
modification is the DNA backbone structure in which inter-
nucleotide linkage can be modified using phosphorothioate
[130], phosphonoacetate [131], morpholino oligomers [132]
or methyl phosphonate [133] (Figure 6.9). Other chemical
modification will target the nucleotide 2’ position of DNA to
reduce nuclease degradation. Examples of 2’ chemical modi-
fications include: 2’-fluoro [134], 2’'O-methyl [135] and locked
nucleic acid (LNA)-oligo [136] (Figure 6.9).

Some of these chemical modifications have already been
approved by the FDA. For example, the phosphoroth-
ioate linkage is present in Nusinersen, an antisense oligonu-
cleotides drug [137] used to treat spinal muscular atrophy
[138]. Pegaptanib is an example of a 2’ modified oligonu-
cleotide that is now used as a therapeutic agent to treat
macular degeneration [139]. Another backbone modification,
L-DNA (i.e. the mirror image of the natural form D-DNA)
is also resistant to nuclease degradation and was success-
fully used to build DNA nanothermometers, which were
used inside living cells [46].

In order to use DNA switches in living systems, it is
also important to ensure that DNA switches are able to
reach their final destination. Since cellular uptake of unmod-
ified DNA is inefficient, this typically represents an obstacle
for biosensing inside living cells. To overcome this limita-
tion, various chemical modifications have been shown to
greatly increase cellular uptake. For example, attaching a
folic acid on a DNA switch enables it to target near cancer
cells that overexpress folate receptors [140]. Hydrophobic
chemical modifications such as cholesterol, uncharged DNA
backbone or stearic acid are other examples of modifications
that are used to increase cellular uptake of DNA oligonu-
cleotides [141]. Targeting of oligonucleotide to specific cells
can be achieved through specific cell surface receptors.
One example of such chemical modification, N-acetyl galac-
tosamine (GalNac), has helped to target oligonucleotides
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to a population of liver cells through binding specific cell
surface receptors [141]. Attaching aptamers that target
specific receptors (e.g. human transferrin receptor aptamer)
is another simple strategy to transport DNA switches inside
living cells [142]. Functionalization of DNA switches with
protein like transferrin enables to target metabolic path-
ways (this was used to measure pH along endocytic trans-
ferrin pathway) [79]. Attaching specific signal peptide to
DNA switches represents another strategy to target them to
specific cell and organelle types like the nucleus (e.g. using
the nuclear localization signal peptides) [143]. To this aim,
researchers have recently developed an in vivo phage-display
method in mice to select specific peptides that can localize to
various organs (similar to homing peptide) [144,145]. Briefly,
phage display is a selection method similar to SELEX in
which phage bearing surface peptides are selected through
binding interaction to a specific target to be then ampli-
fied which results in peptides with high affinity for the
selected target [146]. Coupling of such method with DNA
switches could allow to target them anywhere inside living
mammals.

6.4 Applications of DNA Switches

In this section, we will describe two different downstream
applications of DNA switches that highlight the high
programmability and great potential of DNA nanotech-
nology. We will start by exploring with more detail the
design and engineering of DNA switches as biosensing tools
with applications in fundamental research and medical diag-
nosis (e.g. point-of-care approaches). We will then explore
drug delivery systems in greater detail for applications as
therapeutic agents in the medical field. For each application,
we will integrate the four steps of DNA switches engineering
in a single workflow toward downstream applications.

6.4.1 Biosensing Applications
Applications in Fundamental Research

DNA nanothermometers are DNA switches engineered to
measure large or small temperature variations within nano-
sized systems [61]. Temperature variation is the obvious
input stimuli selected for this application. A wide variety
of DNA structures, however, can be selected since most of
them will undergo temperature denaturation at a specific
Tm. However, selecting DNA structures whose thermody-
namic stability can be easily tuned will offer greater flex-
ibility to build DNA nanothermometers tools that can be
optimized for optimal temperature sensing. DNA stem-loop
structure (e.g. molecular beacons) is an example of such
programmable structure because it is possible to easily
tune its folding energy by changing the GC/AT ratio
of the stem structure [21]. One can rationally perform
this by employing simulation software like mfold and
change the stem sequence while keeping the loop sequence
constant. For this application, a simple fluorescence output
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acid

Chemical modifications of DNA to adapt DNA switches for complex environment (e.g. living organisms). All of these

examples of modified nucleotides are commercially available from DNA synthesis companies such as Glen Research, Chemgenes, LINK

and many others.

system (fluorophore/quencher pair) was implemented at the
extremities of the stem structure whose opening due to
increased temperature resulted in a fluorescence increase.
To test this design, the GC content of the stem was
varied from 0 to 5 GC base pair, which allowed to change
the Tm from 40°C to 80°C (Figure 6.10a) [61]. Each
nanothermometer has a linear range for a specific temper-
ature interval (~15°C), but combining all nanothermome-
ters together yielded a single linear range of ~50°C allowing
extended temperature sensing (Figure 6.10b).

These DNA nanothermometers were employed in a real
biological setting to monitor temperature inside living

—
&
g
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3
«
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.....

R

40.
012345

cells [46]. To do so, they were chemically modified to
L-DNA which limited their binding to cellular proteins and
conferred them with increased nuclease resistance. These
nanothermometers were used to probe temperature increase
in living cells after thermal therapy for cancer consisting
in the irradiation of Pd nanosheets. Irradiation caused a
temperature increase of up to 12°C that could be monitored
by the DNA nanothermometers (Figure 6.11).

More cooperative DNA structures like DNA clamp switch
(triple helix) were also adapted into nanothermometers,
offering narrower temperature transition to monitor smaller
temperature changes (~7°C) with enhanced precision

(b) 48°C

12°C

1 stem-loop
(1O R &
0.54

Fluorescence

6 stem-loops

Temperature (°C)

FIGURE 6.10
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(a) Molecular beacons can be thermodynamically engineered into DNA nanothermometer tools with various temper-

ature sensitivity. (b) Combining multiple DNA thermometers with different Kg results in an extended linear range to monitor extended

temperature variations. (Adapted with permission from Ref. [61]. Copyright 2016 American Chemical Society.)
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FIGURE 6.11 DNA nanothermometers were adapted through chemical modifications for temperature sensing inside living cells to

monitor temperature increase caused by Pd nanosheets in real time. (Adapted with permission from Ref. [46]. Copyright 2012 American

Chemical Society.)

(Figure 6.12). These ultrasensitive nanothermometers could
be more effective to measure small temperature variations
in living cells (e.g. to monitor metabolic activity).

DNA pH-sensitive switches are tools developed to monitor
pH change at the nanoscale (i.e. nano pH meter), which
resulted in various applications in biosensing and drug
delivery. The selected input signal, pH variation, can be
monitored, thanks to some DNA structures that are specif-
ically stabilizes by hydrogen ions. As detailed in the section
on DNA switch engineering, there is a wide variety of DNA
structures whose folding is heavily dependent on specific
protonation of nucleobase and hence on pH (e.g. i-motif
[76,77], poly dA helix [78] or parallel triplex [16]). In partic-
ular, parallel triplex are composed of CGC or TAT triplets
that display different pH sensitivities with TAT undergoing
transition around pH 10 whereas CGC is around pH 7
(Figure 6.13a) [75]. A universal fluorescent DNA pH meter
was therefore designed using a DNA triplex fold. For this
application, Alexa Fluor 680 was employed as fluorophore
due to their insensitivity to pH variation. This triplex ther-
mometer can be programmed to respond to different pH
variation by simply changing its TAT content versus CGC
within the sequence (Figure 6.13b).

As described previously, these switches can be combined
to extend the pH interval that can be monitored at the
same time from 1.8 to 5.5 pH unit by combining three

15°C (stem-loop)

7°C (clamp)
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FIGURE 6.12 DNA clamp switch structures can be used to
build nanothermometers with increased sensitivity to probe smaller
temperature variations with high precision. (Adapted with permis-
sion from Ref. [61]. Copyright 2016 American Chemical Society.)

different DNA pH meters (Figure 6.14). Another important
feature of these switches is their ability to be completely
reversible [75].

DNA pH switches have also garnered interest for in wvitro
real-time pH sensing [79,80]. In this application, a pH-
sensitive switch based on an i-motif DNA structure was
covalently attached to transferrin, which enabled efficient
switch internalization along the endocytic pathway of trans-
ferrin. Pulse chase of the DNA switch during time was
performed to measure pH change through the endocytic
pathway going, for example, from sorting endosome to recy-
cling endosome with significant differences in pH distribu-
tion (Figure 6.15). This was also performed on the furin
pathway using a specific DNA duplex domain. Interestingly,
pH distribution determined by image processing of the DNA
switches matched literature values [79]. This represents a
unique method to probe pH value of cellular organelles in
real time without having to lyse cells for analysis. Interest-
ingly, these tools can be applied to study effects of toxin in
real time as shown with Brefeldin A, an antibiotic known
to cause extensive tubulation of the trans-Golgi network.
These tools were also used on the more complex multicel-
lular organism Caenorhabditis elegans to map spatiotem-
poral pH changes that was associated with endocytosis [147].

Biosensing for Medical Diagnostic Applications

Biosensing with DNA switches can also be used to build
efficient diagnostic tools that can be employed in point-
of-care setting. One of the earliest example of DNA
switch application for diagnostic tools came from Kramer
with fluorescent molecular beacons to detect specific DNA
sequences (routinely employed in many medical facilities)
[148-150]. However, fluorescence sensing is often not suit-
able for point-of-care approaches since it requires exhaustive
sample handling. Another strategy based on electrochemical
outputs directly in whole blood was then developed to over-
come this limitation as described in the output section [115].
Recently, a DNA-based electrochemical biosensor exploited
steric hindrance effect to detect biomarkers (Figure 6.16)
[114,119,120]. In this strategy, a single-stranded capturing
DNA is functionalized on a gold surface via Au-S chemistry
and a complementary signaling DNA sequence bearing a
redox element and a recognition element is added to the
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FIGURE 6.14 Combining DNA pH meter of different pH sensitivity can yield extended pH monitoring capacity. (Adapted with
permission from Ref. [75]. Copyright 2014 American Chemical Society.)

blood sample. The specific biomarker (e.g. specific anti-
bodies) can bind to the signaling DNA, which reduces
the hybridization efficiency of the signaling DNA on the
capturing DNA located on the surface of the electrode
(>50%) due to steric hindrance. This results in a decrease
of the measured current of the redox element (Figure 6.16).

This is an example of a signal-off DNA switch where
the amplitude of the signal reduction is correlated with
the molecular weight of the biomarker (i.e. steric hindrance
effect) (Figure 6.17). This DNA switch can be easily adapted
to bind other input molecules given that a small recogni-
tion element can be placed on the complementary DNA
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FIGURE 6.16 Steric hindrance was exploited to engineer a
DNA switch for the detection of large biomarkers using gold elec-
trodes. (Adapted with permission from Ref. [114]. Copyright 2015

American Chemical Society.)

(e.g. <30 kDa). This approach was tested directly in whole
blood in a point-of-care format that employs an inexpensive
potentiostat and provided result within 10 min [120].

6.4.2 Drug Delivery System for Medical
Therapies

Drug delivery systems can take advantage of the high
programmability of DNA. For example, DNA switches can
be engineered to transport specific drug cargos that can
be released in the presence of specific chemical input such
as disease markers. For example, Ricci et al. 2017 have
recently developed a DNA switch that can be programmed
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FIGURE 6.17 The steric hindrance effect on the DNA switch
response was dependent on the molecular weight of the biomarker
detected. (Adapted with permission from Ref. [114]. Copyright
2015 American Chemical Society.)
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to release a nucleic acid drug cargo in the presence of specific
antibodies (Figure 6.18) [151]. The switch—cargo complex
consists of a DNA triplex clamp structure. This complex is
thermodynamically engineered to be stable in the triplex
form but unstable once the triplex unfolds into a DNA
duplex, resulting in the release of the drug cargo [151].
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The cargo release mechanism is based on the prox-
imity of two recognition elements (i.e. hapten, epitopes)
that specifically bind the input antibodies (e.g. digoxi-
genin binds anti-digoxigenin antibody). Upon binding the
two antigens or epitopes on the DNA transporter, one
single specific antibody provides the energy to destabi-
lize the triplex structure by stretching the switch (Figure
6.18). This stretching mechanism has already been exploited
to build DNA switches for sensing applications [113,152].
This DNA switch architecture is also highly programmable
since the input biomarker can be changed to any other
antibody by simply changing the hapten/epitope element
on the switch scaffold (Figure 6.18c and e). The high
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FIGURE 6.19 Antibody-induced drug-releasing nanomachines
in response to the presence of two antibodies. The digoxigenin
(Dig) and dinitrophenol (DNP) DNA switch were modified into
a logic circuit requiring the presence of two different antibodies
to induce drug cargo release. (Adapted with permission from Ref.
[151]. Copyright 2017 American Chemical Society.)
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programmability of this approach was also employed to
build steric hindrance-based logic gates for drug delivery
where drug cargo is released only in the presence of two
different input biomarkers (i.e. two different antibodies)
(Figure 6.19). These DNA switches were tested in blood
serum and retained high specificity to its target antibody,
which suggests that they could be useful to deliver nucleic
acid-based drug in living organism.

There is a close proximity between DNA switches
designed for biosensing and drug delivery systems since
highly specific biosensing switches can be easily adapted
to trigger the release of a drug cargo instead of simply
providing a fluorescent output signal. Another example
of such versatile switch is the adaptation of a DNA
pH meter based on parallel triplex into a drug delivery
switch triggered by acidic environments [81]. Acidic envi-
ronments have been the input of a wide variety of drug
delivery systems because tumor environment is usually
more acidic due to specific tumor metabolism [153-155].
The switching mechanism employed is based on the addi-
tion of a pH-sensitive sequence at a distal position on
a DNA-based recognition element in order to leave the
high affinity and specificity of the DNA switch unchanged.
The first design explored consisted of a simple stem-loop
DNA that can transport a complementary nucleic acid drug
hybridized to its loop (Figure 6.20a and b). When adding a
parallel triplex-forming sequence to the DNA transporter
(i.e. far from the loop), the triplex structure conforma-
tion is stabilized at lower pH (<6.0), therefore reducing
the affinity of the transporter for its nucleic acid cargo
(Figure 6.20c and d).

This design allowed to load single-stranded nucleic acid
drugs on the loop structure of the DNA switch and trigger
its release in acidic environment. This strategy was also
adapted using more complex drug transporters such as the
cocaine-binding aptamer where the same DNA sequence
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(a and b) The stem-loop DNA transporter is not sensitive to pH variation. (¢ and d) The addition of a triplex-forming,

pH-sensitive DNA element renders the DNA transporter sensitive to pH variations. F: fluorophore; Q: quencher (Adapted with permission

from Ref. [81]. Copyright 2015 American Chemical Society.)
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sensitive to acidic environment was added at distal posi-
tion from the recognition site of the aptamer (Figure
6.21a). The cocaine aptamer served as a mean to load the
drug (i.e. cocaine) and the pH-sensitive sequence as the
trigger to release cocaine. This cocaine transporter reacted
as predicted by releasing cocaine in acidic environment
(Figure 6.21b). This strategy is highly modular and could
in principle be applied to a wide variety of DNA aptamers
to transport and release a variety of therapeutic molecules.

Other smart drug transporters have been developed
using DNA aptamers. For example, Krishnan et al. have
recently employed a cyclic di-guanosine monophosphate
(c-di-GMP)-binding aptamer to deliver fluorescent drug
cargo in response to c¢-di-GMP, a second messenger in
bacteria that regulates signal transduction and metabolism
[156]. This DNA aptamer was engineered into a DNA switch
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FIGURE 6.21 An aptamer-based pH-induced cocaine trans-
porter that releases cocaine in response to low pH. F: fluorophore;
Q: quencher (Adapted with permission from Ref. [81]. Copyright
2015 American Chemical Society.)
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that undergoes conformational change upon binding to c-
di-GMP (Figure 6.22a) [157]. This DNA switch was then
employed to build a small DNA cage that can transport fluo-
rescent drugs. The DNA cage was designed to open upon
the activation of the DNA switch with increasing concen-
tration of ¢-di-GMP (Figure 6.22b). This approach is highly
modular since it is possible to replace the DNA switch with
any other DNA aptamers, and thus, these DNA cages could
be in principle activated by any disease biomarker for which
we possess a DNA aptamer. This approach also exploits
novel properties of DNA cage like their intrinsic resistance to
nucleases, which protect the drug cargo from being rapidly
metabolized [158]. DNA cage has been successfully used in
mammalian cells [158] and in the multicellular organism
C. elegans [159] for bioimaging, suggesting that they could
be eventually applied successfully for drug delivery appli-
cations in living organisms. This cage, sometimes referred
to as DNA container, retains the programmability of DNA,
and thus, it is possible to engineer them within the DNA
switching mechanism to make a link between presence of
the input and cage opening.

6.5 Conclusion and Perspective

DNA is a unique biopolymer that has enabled tremen-
dous research applications in nanotechnology creating a
field of its own: DNA nanotechnology. The high versa-
tility of DNA arises from our capacity to predict its struc-
ture from the nucleotide sequence. Other biopolymers like
proteins, for example, still lack this structure predictability,
making it harder to develop them into new functional
structures de novo. Another unique feature of DNA is its
easy organic synthesis using automated synthesizer, which

Controlled
release

(a) A DNA aptamer was adapted into a DNA switch that undergoes conformational change upon binding to its input

molecule ¢-di-GMP. (b) This DNA switch was inserted on a DNA cage whose opening, and drug cargo release, is triggered by activation
of the DNA switch in the presence of ¢-di-GMP. (Reprinted with permission from Ref. [157]. Copyright 2013 John Wiley and Sons.)
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drastically speeds up the progression in this field. These
two features, along with the intrinsic biocompatibility of
DNA, are at the center of the development of sophis-
ticated nanotechnological tools that offer stimuli respon-
sive capacity. One such bio-inspired example described in
this review are DNA switches employed for biosensing and
drug delivery applications. Throughout this chapter, we
presented a summary of the step-by-step process to engineer
DNA switches through multiple design and their adaptation
into various applications. Selection of the input (e.g. disease
marker) and the output signals (drug release, signaling
mechanism) are the key elements to build DNA switches.
The high programmability of DNA allows designing switches
that recognize input ranging from light, to small ions,
proteins or whole cells and that are able to translate
this recognition event into a myriad of output signals
from electrical current to fluorescence or drug release,
for example. We also presented more than five different
strategies to incorporate structure switching mechanisms
within DNA switches. All of these strategies are aimed
to engineer a non-binding conformation that corresponds
to the switch inactive state. This non-binding conforma-
tion can switch to the bound-active conformation in the
presence of the input through a population-shift model
and generate the output signal implemented within the
switch.

In addition to applications in biosensing and drug
delivery, DNA switches have also found a lot of use in
fundamental research and medicine. For example, DNA
nanothermometer and nano pH meter have been devel-
oped to detect either temperature changes or pH varia-
tions at the nanoscale. These tools can be useful to monitor
physical change within complex systems like living cells
(e.g. mapping the pH of living cells in different condi-
tions) or can also be adapted for drug delivery applications
(e.g. pH-dependent drug delivery). Application of DNA
switches in molecular diagnostics also represents a promising
avenue in the medical field with the development of fast,
inexpensive, point-of-care approaches that provide results
within less than 10 min. These approaches often rely on
DNA switches that provide electrochemical output in the
presence of specific disease markers (e.g. HIV antibodies)
and that can be employed directly in whole blood.

Although the future of DNA switches looks very
promising, several challenges lie ahead before realizing this
promise [160]. One example of such challenge is the need
to create and develop DNA switches that can achieve suffi-
cient specificity and selectivity. We believe that recent works
seeking to expand the DNA code beyond the classic natural
A, T, C and G base pairs with artificial nucleotides should
greatly contribute to enhance the specificity of nucleic
acid-based recognition elements [161,162]. Other challenges
faced by DNA nanotechnology to move beyond laboratory-
scale systems include improving accuracy (e.g. for DNA
switch-based sensors), stability (to enable repeatability in
DNA switches) and reproducibility (e.g. over industrial-
scale production) [160]. To that end, an improvement
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and increased understanding of large-scale production of
oligonucleotides to decrease cost and increase yield will
be useful [163]. Finally, application of DNA switches in
various medical fields for therapies will need a better under-
standing of intracellular uptake and trafficking mechanisms,
DNA switches toxicology and their pharmacokinetic prop-
erties [164].
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