|
Artificial DNA: PNA & XNA 3:3, 112-122; July-December 2012; © 2012 Landes Bioscience

Peptide nucleic acids in materials science

Davide Bonifazi,"** Laure-Elie Carloni,' Valentina Corvaglia? and Arnaud Delforge'

'Namur Research College; Department of Chemistry; University of Namur; Namur, Belgium; 2Department of Chemical and Pharmaceutical Sciences; INTSM UdR Trieste;
University of Trieste; Trieste, Italy

Keywords: PNA, monolayers, nanoparticles, self-assembly, self-organisation, materials, surfaces, sensors, microarrays, biochips,
DNA-PNA duplexes, hybridization

This review highlights the recent methods to prepare PNA-
based materials through a combination of self-assembly
and self-organization processes. The use of these methods
allows easy and versatile preparation of structured hybrid
materials showing specific recognition properties and unique
physicochemical properties at the nano-and micro-scale levels
displaying potential applications in several directions, ranging
from sensors and microarrays to nanostructured devices
for biochips.

Introduction

Structurally-ordered nano- and micro-sized architectures based
on the controlled assembly/organization of fundamental molecu-
lar modules, can act as seeds for the growth of novel structured
materials, in which the molecular properties are largely modified
or completely different from those of the constituting molecular
modules. Perceiving the value of structural- and order-dependent
properties emerging from such architectures, chemists have
focused their attention on the construction of novel materials
through the rational control of the assembly process exploiting
defined molecular recognition processes. Because of their effec-
tive versatility, molecularly organized supramolecular materials
have shown to hold great promises for a generational change in
different everyday use devices, such as organic semiconductors,
solar cells, chemical and biosensors.”""” Among the different strat-
egies, the use of biomimetic approaches has recently attracted
significant attention.'™” In this context, biomimetic structures
based on nucleic acid oligomers are exploited for their recogni-
tion properties to prepare supramolecular architectures. The use
of DNA for the self-assembly of 2D crystals on surfaces stems
from the seminal work of Winfree and Seeman.”® They recog-
nized that the specificity of the H-bonding interactions of DNA’s
Watson-Crick complementary base pairs®* would be suitable for
the construction of nanostructures via self-assembly.”” In their
work, striped lattices were produced on mica surfaces and were
imaged by atomic force microscopy (AFM). In order to construct
the lattices, either two or four individual DNA units (“tiles”)
bearing sticky ends were used in the self-assembly. The tiles
were composed of either three or four strands of DNA, each one
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carefully sequenced in order to form the desired tile upon self-
assembly in solution. Furthermore, the DNA sequences allowed
for the protrusion of short single-stranded DNA strands from
the tile, thus providing the so-called complementary sticky ends,
required for the self-assembly of the tiles on the mica surface to
form the nanoscale lattices. During the years following their
work, the field of structural DNA nanotechnology grew and
more complex nanostructures were constructed.”” The level of
control which could be achieved was also clearly demonstrated
by Rothemund in his article on DNA origami.?* Considering
this unprecedented control on the nanostructuration of matter as
obtained via the self-assembly of DNA, it is postulated that the
use of peptide nucleic acid (PNA) oligonucleotides?® would result
in more robust architectures. Indeed, PNA, a DNA analog in
which the phosphate backbone is replaced by N-(2-aminoethyl)
glycine units, has several differences over DNA as reported by
Hyrup and Nielsen:*?¢ (1) PNA oligomers can be easily synthe-
sized using established techniques from peptide chemistry i.e.
solid phase peptide synthesis; (2) organic moieties can be cova-
lently attached to the C-terminal carboxylic acid group or the
N-terminal amino group of the oligomer or on lateral chains; (3)
PNA is achiral, so all enantiomeric purity problems are avoided;
(4) the PNA peptidic backbone is neutral compared with DNA’s
negatively charged sugar-phosphate backbone, therefore, no
electrostatic repulsion exists when PNA hybridizes with another
PNA or DNA oligomer; (5) partly due to the lack of electrostatic
repulsion, PNA-PNA duplexes have a higher thermal stability
relative to DNA-PNA and DNA-DNA duplexes; and (6) the
possibility to easily control the helix handedness upon introduc-
tion of opportunely-modified enantiomerically pure aminoacids.
Furthermore, PNAs have a high biostability, since they are not
degraded by nucleases nor proteases. They are also chemically
resistant to strong acids and weak bases. These properties make
them an appealing candidate for a number of applications in
material science. However, PNA has mainly been used for bio-
logical applications, such as diagnostics, biotechnology and phar-
maceuticals.’*?”** To date the most important materials-driven
exploitation of PNA consists of its use as a molecular probe for
diagnostics and detection (see below). Indeed, because of the high
sensitivity of PNA to a single mismatch, its high duplex stability,
and also its ability to cause strand invasions in double-stranded
DNA, using PNA in place of DNA as a molecular probe gives
more specific, more sensitive and more accurate results for the
detection of target nucleic acids sequences. Thus, surface modi-
fication utilizing opportunely-modified PNA strands is currently
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Figure 1. Schematic representation of the CFM-based diagnostic nanotool for detecting DNA sequences through a measurement of the force.

of substantial interest, owing to the possibility of transferring the
unique recognition properties to bulk or nanostructured materi-
als by, among others, surface coating through the exploitation
of self-assembly monolayers (SAMs). This account paper pro-
vides the key works describing the principle approaches toward
the preparation of PNA-based nanostructures along with all the
potential applications that are currently holding great promises
in materials sciences. Three main approaches have successfully
been employed in the preparation of such nucleic acids materials:
(1) PNA-based self-assembled monolayers on solid surfaces
(e.g., on nanoparticles or bulk materials); (2) carbon nanotubes
(CNTs) covalently and non-covalently conjugated to PNAs; and
(3) self-organized nanostructures.

PNA-Containing Self-Assembled Monolayers
on Solid Surfaces

SAMs of PNA have mainly been prepared by covalent attach-
ment of modified PNA oligomers bearing terminal anchoring
groups to various surfaces (e.g., gold, pyrite and glass) with the
intention of preparing microarray biosensors.’** In one of the
first reports, thiol-derivatised single-stranded PNAs (ssPNAs)
bearing a terminal cysteine group have been self-assembled on
Au(111)**% using a classical wet technique, by soaking a Au
surface in a PNA-containing micromolar solution. By means of
Fourier transform reflection absorption infrared spectroscopy
(FT-RAIRS), AFM and X-ray photoemission spectroscopy (XPS)
it has been shown that the molecular orientation of the adsorbed
ssPNAs  (sequence:  Cys-O-O-AATCCCCGCAT,  where
O = -NHCOCH,OCH,CH,0CH,CH -) strongly depends on
the surface coverage. Specifically, at high coverage, the ssPNAs’
molecular axe assumes a normal position and forms SAMs with-
out the need for co-adsorbing adjuvant molecules for filling the
undergrowth space. As expected, at low coverage, the ssPNAs lie
flat on the surface, thus confirming a concentration-dependent
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Figure 2. Schematic representation of the sensor structure employed
for the SPFS studies of DNA-DNA hybridization. Adapted with permis-
sion from reference 41.

structural transition. Knowing the structural properties for the
ssPNAs-based SAMs is essential for engineering efficient bio-
sensors for the characterization of target DNA molecules in
solutions.?” Following a similar approach, Willner and cowork-
ers self-assembled a cysteine-modified ssPNA (NH,-Cys-
ACGACGGCCAGT-H) on a Au-coated AFM tip for probing
and detecting the hybridization interaction with a ssDNA (see
Fig. 1).® Exploiting a chemical force microscopy (CFM), the
adhesion force between a ssPNA-modified tip or a DNA/PNA-
modified tip with an hydrophobic Au surfaces coated with
undecanethiol could be measured in a TRIS-HCI buffer solu-
tion (5 mM at pH = 7.4). A substantial decrease in the resulting
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Figure 3. (A) Schematic representation of the patterning of amino-capped PNA oligomers onto aldehyde-functionalized glass slides via reactive con-
tact printing. (B) Fluorescence microscope image (scale bar: 200 wm) of a glass surface following microcontact printing with fluorescein-labeled PNA.
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Figure 4. TEM images of the ssPNA/ssDNA hybridization inducing
nanoparticle aggregation. Adapted with permission from reference 45.

adhesion force has been observed for the double stranded DNA/
PNA-modified tip (F= 1.13 nN) compared with ssPNA-modified
tip (F = 4.35 nN) as a consequence of the increased hydrophilic
character of the tip upon hybridization with the complementary
ssDNA (5-ACT GGC CGT CGT-3"). Interestingly, soaking the
ssPNA-modified tip into a solution of a DNA mutant display-
ing only one single base mismatch as compared with the fully
complementary strand, led to an adhesion force that is identical
to the non-hybridized ssPNA-modified tip at a concentration of
5 x 107 M. This experiment revealed that such CFM methods
are sufficiently sensitive to detect single-base mismatches at very
low concentration, thus proving their great potential as nanotools
for diagnostic applications.

Similar ssPNAs containing SAMs for DNA detection have also
been reported by Burgener et al. following a pre-modification of a
Au surface with a dextran layer, which is then functionalized by
an organic monolayer bearing terminal thiol functionalities that
undergo a covalent bond-forming reaction with a ssPNA bearing
a terminal reactive maleimide group.” Au-coated surfaces with
PNA have also been prepared for ultrasensitive nanoparticle-
enhanced surface plasmon resonance imaging (SPRI) detection
of DNA sequences down to 1 fM (SPRI has recently emerged
as an extremely versatile method for detecting interactions of
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biomolecules in a micro-array format through the spatial moni-
toring of local differences in the reflectivity of incident light from
an array of biomolecules linked to a chemically-modified Au sur-
face, usually detected as bright and dark spots in the SPR image).
In this device configuration, gold nanoparticles (Au-NPS) were
functionalized with DNA, and dithiobis(N-succinimidylpro-
pionate, DTPS) was used for linking PNA to the gold surface
of sensor microchannels. Following a sandwich-like strategy,
a solution of a full matching DNA sequence was then injected
into a microchannel containing immobilized PNA together with
Au-NPs bearing a 12-mer DNA both complementary for the
terminal tracts of the targeting DNA strands. The specificity of
the full matched DNA strands has been checked by comparing
the NPS-enhanced SPRI signals with those obtained when sin-
gly mismatched DNA sequences were allowed to interact with
the surface-immobilized ssPNA. From the A %Rb/A %R ratio
between the NPs-enhanced responses, an average value of 7, 4
was calculated for 1 fM concentration. This increase is attributed
to the high dissociation constants of the mismatched sequences,
the response of which dropped to the background level below 1
pM, thus dramatically increasing the mismatch recognition in
connection with the decreased detection limits.*

Exploiting surface plasmon fluorescence spectroscopy (SPES),
Knoll and coworkers have developed new sensors for the detec-
tion of DNA sequences using PNA-based microchips.”-*> SPFS
technique permits to increase, compared with bulk signals, the
fluorophores emission confined onto metallic surfaces covering a
90° glass prism. This effect is generated when the UV-laser beam
is reflected at the glass-metal interface at the surface plasmon
resonance angle, generating an enhanced electromagnetic field
at several tens of nanometers around the surface. This can excite
neighboring fluorophores, resulting in an enhanced fluorescence
signal. The SPES allows a sensitive and high-performance quan-
titative detection of a fluorophore placed at the metal interface. In
their studies, Knoll and coworkers used a Au-coated glass prism
functionalized with a biotinylated SAMs monolayer that under-
goes self-assembly with a streptavidin monolayer formed by spe-
cific binding to the biotin-sites exposed on the SAM and finally a
biotinylated oligonucleotide of 15 bases monolayer linked to the
streptavidin layer. Exposing the modified surface toward differ-
ent concentrations of complementary oligonucleotide sequences
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terminally bearing a fluorophore, the system records the fluo-
rescence signal as a function of time under UV irradiation. In
this way, it can be possible to follow the hybridization between
two oligonucleotides and estimate the kinetic and the thermody-
namic equilibrium parameters. In these devices, the uncharged
ssPNA disregard inter-strand columbic interactions between
two adjacent oligonucleotides and the hybridization follows the
Langmuir model, thus allowing for a quantitative interpreta-
tion of the hybridization kinetics. Among the many uses, this
technique hold great potentials for applications in the detection
of polymerase chain reaction (PCR) products or identification
of point mutations associated with cancer and other diseases
(Fig. 2).

In a very recent example, Calabretta et al.* reported the pat-
terning of PNA on glass surfaces using reactive microcontact
printing. Glass surfaces were modified with aldehyde functional
groups, and the PNA oligomers were functionalized with an
amino group attached via a short aminoethyl ethoxy linker. To
pattern the surfaces, a freshly oxidized polydimethylsiloxane
(PDMS) stamp was “inked” with a 20 M solution of PNA in
acetonitrile for 5 min, dried with N, and then brought into con-
tact with the aldehyde modified glass surface for 15 min. This
allowed the amino groups to react with the aldehyde functional
groups forming an imine linkage between the PNA and the glass
substrate. The imine bonds were then reduced to the correspond-
ing amines in the presence of NaBH,. This process is summarized
in Figure 3A. Fluorescence microscopy of a glass surface printed
with a fluorescein-bearing PNA oligomer confirmed the micropa-
ttern of covalently-bounded PNA on the glass surface (Fig. 3B).
The patterned surfaces were then hybridized with complemen-
tary and single-base mismatched dye-labeled DNA oligomers
to test their ability to recognize cDNA sequences. It was shown
that both sequences successfully hybridized to PNA, however,
the mismatched sequence’s PNA/DNA duplex displayed a lower
melting temperature of approximately 5°C compared with the
fully complementary sequence, therefore confirming that the
microarray biosensor could be used to selectively detect sequence
mismatches and point mutations in DNA.

In a parallel work, Messere and coworkers reported on the
functionalization of PNA-based magnetic conjugates using an
alternative strategy, in which dextran-magnetic nanoparticles
have opportunely been modified introducing reversible bonds
for the immobilization of unmodified oligonucleotides.” When
complementary ssPNA and ssDNA nanohybrids were mixed,
the base pairing led to an extended nanoparticle-based assembly
(Fig. 4). When a magnetic field is applied, the ssPNA/ssDNA
particle assembly shows higher responses rate to the external field,
thus supporting the hypothesis of the formation of the assembly
and its enhanced activities in the presence of the magnetic field
because of the aggregate nature of the material. These materials
are on the way to be tested for the local and thermal-induced
release of DNA strands for in vivo applications.®

Shiraishi and coworkers have associated the high sensitivity of

fluorescence detection®®”

with the specificity of the simultane-
ous self-assembly of two beads, templated by the hybridization

with an external nucleic acid® for sensing natural nucleic acids.”
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Figure 5. (A) Fluorescent microscopic images of the green bead (GB),
the red bead (RB) and a mixture of the two. (B) Representation of
PNA3534 which has been coupled to RB, of PNA3533 which has been
coupled to GB, and of the target sequence detection by two bead/PNA
complexes. Adapted with permission from reference 49.
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Figure 6. (A) Effect of the buffer concentration on the hybridization

of PNA-DNA (squares) and DNA-DNA (dots) duplexes. (B) Effect of the
temperature on the PNA-DNA (squares) and DNA-DNA (dots) hybridiza-
tion. Adapted with permission from reference 50.

Specifically, because of a significant demand for the detection of
Trypanosoma brucei parasite, and because of its high rRNA con-
tent (ca. 1 million copies per parasite), they targeted two unique
sequences within its 18§ rRNA. To do so, they prepared two
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Figure 7. Representation of the PNA-encoded fluorogenic substrate libraries as developed by Winssinger and coworkers. Adapted with permission
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Figure 8. (A) Affymetrix microarray after proteolysis of two different substrates (Caspase-3 and Thrombine feature) prior to and after incubation with
the enzyme Caspase-3, at different concentrations in substrates. (B) Plots of relative fluorescence intensities as a function of the concentration in sub-
strates. Adapted with permission from reference 52.

biotinylated 18-mer PNA oligomers coupled to (strept)avidin
coated fluorescent polystyrene beads complementary to the two
targeting 18S rRNA (Fig. 5). The beads were chosen to allow
an easy and simultaneous location and distinction from each
other by conventional fluorescence microscopy. PNA3534 [Bio-
(eg2),-GAA ACA CCG ACC CAA GGC-Lys-NH,] has been
bound to a red bead of 5.9 wm, while PNA3533 [Bio-(eg2),-
CCG CTC CCG TGT TTC TTG-Lys-NH,] to a green bead
of 1 pm. When the two beads will hybridize to the same nucleic
acid molecule, they will co-locate signaling the presence of the
target sequence. Exploiting this approach, Shiraishi and cowork-
ers were able to detect co-localization of beads of 1.6 ng of RNA
per sample, corresponding to ca 0.5 fmol of 18S rRNA (assuming
that 18S rRNA constitutes 20% of the total RNA).

Wang et al. were the first to use PNA immobilized onto car-
bon paste electrode (CPE) for the recognition of specific DNA
sequences using Co(phen) " as electroactive hybridization indi-
cator.”® They demonstrated that PNA-based devices present
higher thermal stability (30°C) and are able to recognize ssDNAs
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at low ionic strengths (1-5 mM buffer concentrations) compared
with their analogous DNA-based devices (Fig. 6). Upon hybrid-
ization at low buffer concentrations, the DNA biosensors are not
able to bind complementary strands, while the PNA-based sen-
sors gradually increase their response as a function of the buf-
fer concentration and it decreases slightly at high ionic strength
(10-20 mM buffer concentrations). The effect of the tempera-
ture shows that at rt, both devices give a hybridization response,
but the signal of PNA-based sensor revealed to be more than
3-fold higher: in fact, temperature increasing does not affect the
response of the PNA-based device, whereas that only based on
DNA vanishes at 40°C.

Similarly, Wang and coworkers have also developed PNA-
based probes using thiol-derivatized PNA strands immobilized
on quartz crystal microbalance (QCM) transducers. Specifically,
they have demonstrated that PNA-functionalized QCM biosen-
sors are able to bind single-stranded DNA oligomers displaying
high selectivity (5-fold higher) with respect to those displaying
one-base mismatch.’
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Figure 9. (A and B) Covalent functionalization of SWCNTs with ssPNA via an amide linkage; (C) a DNA fragment with a single-stranded, “sticky” end
hybridizes to the PNA-SWCNTs hybrids; (D and E) tapping-mode AFM images of the PNA-SWCNTs and DNA-PNA-SWNTs. Scale bars: 100 nm. Adapted

Winssinger and coworkers have also exploited PNA/DNA’s
high thermal stability to develop sensing devices based on a
PNA-encoding method.**>* The latter allow a convenient and
fast determination of protease activity and substrate speci-
ficity in a microarray format.’®* Their approach consists of
(1) incubating a solution of fluorogenic protease substrates
libraries encoded with PNA tags, with the protease (or lysate)
of interest and (2) detecting the cleavage products by spatial
deconvolution of the library via hybridization of the PNA tags
to a DNA microarray (as it is shown on Fig. 7). The proteoly-
sis is detected by the change in the electronic properties of the
fluorophore when the substrate is cleaved from the fluorophore-
PNA adduct, resulting in a large increase in fluorescence that is
resolved during the hybridization with the DNA chip. The loca-
tion of hybridization is dictated by the sequence of the PNA tag,
which is bound to the sequence of the substrate. PNA-encoded
libraries are prepared via a split and mix combinatorial method,
while microarrays are prepared by photocrosslinking of unmodi-
fied oligonucleotides on aminosilane-coated glass slides.>

Figure 8A shows the results obtained on the microarray after
proteolysis and deconvolution of test substrates. An equimolar
mixture of two different substrates (Caspase-3 and Thrombin
probes) was hybridized to chips at concentrations ranging from
10 pM to 800 pM. This was performed prior to and after incu-
bation with the enzyme Caspase-3. Only the feature on the chip
corresponding to Caspase-3 showed appreciable fluorescence
with a linear relationship to the concentration of the substrate

(Fig. 8B).»
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ssPNA-CNTs Hybrids

Exploiting the unique conductive and mechanical properties of
CNTs with the specific recognition properties of ssPNA, Dekker
and coworkers reported the engineering of carbon-based nucleic
acid hybrids as new versatile functional modules for the bottom-
up fabrication of field-effect transistors, logic circuits and single-
electron transistors displaying potential uses in electronic and
biosensing devices.’® In fact, the recognition properties imparted
to SWNTs by oligonucleotide adducts could be used for the
attachment of SWNTs to each other and/or to other substrate
features, such as electrodes, on which monolayers of complemen-
tary sequences can be self-assembled. The hybridization proper-
ties of ssPNA-SWCNTs conjugates might also be exploited in a
biological context, for example in biosensors for the detection of
DNA sequences. Exploiting amide-forming reactions in the pres-
ence of N-hydroxysuccinimide (NHS), COOH-functionalized
SWCNTs (obtained through oxidation reaction in the presence
of a 3:1 mixture of concentrated H,SO, and HNO,) have been
coupled to ssPNAs (NH,-Glu-GTG CTC ATG GTG-CONH,),
as shown in Figure 9A and B, respectively. To investigate the
recognition properties of the PNA-SWCNTs conjugates toward
DNA strands, 12-base-pair fragments of double-stranded expos-
ing single-stranded “sticky” ends complementary to the PNA
sequence have been synthesized (Fig. 9C). Hybridization of the
PNA-SWCNTs conjugates with the DNA oligomers in water
and deposition on a mica surface with 5 mM MgCl, allowed
the material to be studied via AFM microscopy (Fig. 9D and E).
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has been coupled to ssPNA-bearing
SAMs as detecting probes conjugated to
the tumor necrosis factor-a-gene (TNEF-
a).” Upon exposure to wild-type DNA
samples through microfluidic channels,
time-dependent conductance measure-
ments enabled rapid and simple dis-
crimination against single-nucleotide
polymorphism or non-cDNA strands.
For 11-mer PNA oligonucleotides, full
cDNA with concentration as low as
6.8 fM could be effectively detected,
showing that this kind of CNT-based
biochip FET are promising candidates
for the development of integrated, high-
throughput DNA sensors for medical,

forensic and environmental diagnos-

Figure 10. (A) Structure of the self-organizing PNA-peptide amphiphilic hybrid; (B) TEM images of

the nanostructured fibers. Adapted with permission from reference 58.

tics.”® Beside the covalent approach,
nucleic acids have been also non-cova-

lently conjugated to CNTs. The effec-
tiveness of the binding and recognition
properties of ssPNAs non-covalently adsorbed on

SWCNTs, have been reported in an independent
work by Rodger and Rajendra, who described the
use of flow linear dichroism (LD) to study the inter-
action of nucleic acids and CNTs.”” Specifically, the
LD signal of the PNA-SWCNTs, when subtracted to
that of SWCNTs alone, gives the values of the non-
covalently adsorbed nucleic acid. Unsurprisingly, the
binding of the ssPNA is quite different from that of
ssDNA and double stranded DNAs (dsDNA). It is
likely that the nucleobases lie almost perpendicularly
(the bases are flat in DNA) on the CNTs surface with
the peptidic backbone wrapping around the nano-
tube framework at a tilted angle of 45°. With respect
to PNA, DNA wraps with an inverted base orienta-

tion as shown by oppositely signed LD signals.

Figure 11. (Top) Structure of the ssPNA and OPV-based chromophore and (bottom)
cartoon representation of the ssPNA-templated self-assembly/self-organization of the

OPV molecules. Adapted with permission from reference 59.

Self-Organized PNA-Based
Nanoarchitectures

Specifically, AFM studies at rt showed that DNA attachment
occurs predominantly at or near the nanotube ends. Because the

oxidation reaction mainly takes place at the extremities of the
nanotubes bundles, individual SWCNTs are rare. The unusual
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Nanostructured hydrogel-type materials prepared
through self-organization are important as they can specifically
bind oligonucleotides that, through a change of gelification tem-
perature or fluorescence, can be exploited as sensing materials
for their analytical determination. In these systems, the organic

Volume 3 Issue 3



modules usually self-assemble into nanofibers networks. In this
respect, Stupp and coworkers® reported a novel amphiphilic
nucleic acid hybrid in which a polythymine heptameric ssPNA
is linked to a peptide fragment (KGG GGA AAK sequence, Fig.
10A), the latter governing the fiber formation promoted by the
folding of B-sheets. The thermal stability of duplexes formed by
the peptide/PNA nanofibers with nucleotide oligomers, as evalu-
ated with variable temperature UV-spectroscopy, showed that
the DNA and RNA form stronger complexes compared with
previous work with other ssPNAs. This resulted in about ~25°C
increase of the 7" (melting temperature) over the corresponding
polythymine PNA heptamer. Furthermore, hybridization with
5'-AAA TAA A-3' ssDNA resulted in a 15°-lower 7 as compared
with that of the fully-matching 5-AAA AAA A-3" ssDNA, thus
showing the high sequence specificity. In addition, fluorescence
polarization measurements with the fluorescein-tagged polyad-
enylic ssDNA heptamer revealed to be dramatically increased
(~33 mP) as observed in the presence of self-assembled PNA-PA
nanofibers (Fig. 10B). This confirms the binding to the nano-
fiber as a consequence of the reduced rotational freedom. Since
such architectures can easily be endocytosed by cells, this type
of hybrid materials are thought to be attractive scaffolds for the
carriage and in situ release of siRNA sequences.

In a very recent work, Janssen et al. utilized a polythymine
dodecamer ssPNA to template the assembly of a chiral oligo-
(p-phenylenevinylene) derivative bearing a diaminotriazine
H-bonding recognition motif in organic solution (methylcyclo-
hexane), as shown in Figure 11.” Nanostructured chiral helices,
as studied in solution by variable temperature UV-vis steady-state
absorption and circular dichroism (CD) spectroscopic measure-
ments, were obtained. Their size was controlled by the length of
the PNA template. AFM analysis of the structures drop-casted
onto an HOPG surface confirmed uniform particles with a
height of 3—4 nm.

Structural DNA nanotechnology exploits reciprocal exchange
between DNA double helices or hairpins to produce branched
DNA motifs, which are combined using sticky-ended cohe-
sion to generate predictable and definite structures or arrays.
Incorporating PNA along DNA into these motifs would lead
to thermally more stable scaffolds thanks to PNA’s functional
advantages for hybrid duplexes. Yet, one should consider that
this might be achieved if the structural and chemical differences
of PNA can be taken into account in the design and assembly
of new constructs. Lukeman et al. used PNA fragments into a
DNA double crossover (DX) molecules.®® Specifically, an “AB*”
system consisting of two tiles (Fig. 12), both terminated with
sticky ends: a DX tile (A) and a DX + ] tile (B*, appended to
a hairpin between the two crossovers), forms two-dimensional
arrays when the tiles assemble correctly. Two different A tiles
were synthesized: Ad, which is entirely constituted of DNA and
Ap in which the two short crossover strands (in green and yellow
on Fig. 12) are terminated with PNA strands; while eight ver-
sions of B* tiles were prepared: BO—B7, in which the number of
nucleotides is altered (the numeral designates how many nucleo-
tide pairs have been added). AFM studies showed that the Ad

tile forms clean arrays with tiles B0, Bl and to some extent with
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GATGGCGACATCC TGCCGCTATGATTACACAGCC

A tile -

CATCGCGGCAATCA GGTTGACCGTACATCATAGCA
T Tl
\,mnm.ﬂ p—
CAGTCOGACGACA GGCTACGCCA GTGACCAATCA GGTA GTGC
CCAT \CACGGTAGCG

B* tile (
ACGGH GCTGCCTACCG
TGCCATATCGACG

Figure 12. Representation of the DX tiles. The upper (A) tile contains
yellow and green strands which consist of DNA in Ad and PNA in Ap.

In the lower (B) tile, nucleotide base pairs are added alternately to the
left and right pairs of outer arms to form tiles B1-B7 as indicated by the
green and pink highlights. Adapted with permission from reference 60.

B2. However, as the number of added bases increases, random
aggregates are observed. The self-assembly between the Ap tile
with B0, B1, B2 or B3 is also inconclusive while well-patterned
arrays with the expected ~34 nm periodicity are obtained when
the Ap tile is combined with B4, B5 and to some extent with
B6. Moreover, the helical pitch of the DNA/PNA fragment of
Ap can be calculated assuming that the average helical repeat
always consists of 10.5 base pairs per turn and that the helices
between crossovers on neighboring tiles contain 2.5 turns. It
thus means that AB* systems can used for analyzing the helical
pitch of polynucleotides, if they can form the outer arms of a
DX molecule.

Armitage et al. first reported in 1999 the possibility to orga-
nize dye molecules using PNA templates in PNA-DNA hybrid
sequences.®’ They have demonstrated that symmetrical cyanine
dyes (e.g., DiSC,-5) are able to bind a variety of PNA-DNA
duplexes at the minor groove as shown by UV-vis and CD
measurements (Fig. 13). In particular, UV-vis titration spectra
of DiSC-5 with PNA-DNA duplex (PD1) show the appear-
ance of a new band corresponding to the electronic transition at
534 nm, hypsochromically shifted with respect to the absorption
spectrum of the dye. This new absorption is due to the supra-
molecular binding between the dye and PD1, since this 534 nm
absorption band is not observed for those spectra taken in the
presence of ssPNA or ssDNA. The bisignate bands observed in
the induced CD spectra (Fig. 13B) are related to exciton coupling
between multiple cyanine dyes, indicating that multiple DiSC -5
molecules are simultaneously bound to the PNA-DNA hybrid.

Armitage et al.®? also reported on the synthesis and charac-
terization of a novel three-component biopolymer microgel com-
posed by a protein (avidin), DNA and PNA strands, in which the
cross-linking gelification is directed by Watson-Crick H-bonded
base pairing (Fig. 14). They assembled a trifunctional DNA-
based three-way junction (T'W]), peripherally exposing sticky
ends composed of free unmatched nucleobases, with comple-
mentary ssPNA oligomers bearing terminal biotin groups able
to bind a tetrafunctional protein, avidin. Using variable tempera-
ture UV-Vis, fluorescence and static light scattering techniques,
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Figure 13. (A) UV-vis titration spectra of PD1 with increasing concentratio
DiSC,-5. Adapted with permission from reference 61.

ns of DiSC,-5. (B) CD titration spectra of PD1 with increasing concentration of

they have shown that the self-assembly of these structures lead to
a controlled and thermoreversible gel, the gelation temperature
of which can be fine-tuned by a selected choice of the nucleo-
tide sequence of the recognition PNA/DNA sites. Specifically,
variable temperature dynamic and static light scattering mea-
surements have shown the micro-size nature of the self-assem-
bled particles displaying a fractal nature of 1.85. The microgel
dissociates completely at ca. 43°C (corresponding to the Tm for
a fully-matching TTGAGAT-biotin ssPNA conjugate) due to
disruption of DNA-PNA double strand, while cooling restores
the H-bonded PNA/DNA base pairing yielding the reassembled
microgel. Both biotin-avidin interaction and DNA-TW]J assem-
bly are stable under these temperature conditions, and thus the
bioinylated PNA remains associated with the avidin. Upon intro-
duction of a sequence mistmacth in the DNA-TW] sticky ends, a
decrease of the gelation temperature from 43°C to 40°C and then
to 23°C could be progressively achieved.

Sharma et al. studied the formation of C-C* PNA tetra-
plexes.®” To do so, four PNA oligomers of different sequences
and length were used. The formation of the semiprotonated
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C-C* tetraplexes has been monitored via UV-thermal transi-
tions at 295 nm. Indeed, since C and C* show a large absorp-
tion difference at this wavelength, a reverse sigmoidal pattern is
observed when C-C* tetraplex are formed.®* Tetraplex formation
was not observed for PNA1 (H,N-T-C-C-Bala-COOH) and
PNA2 (H,N-T-C-C-C-Bala-COOH) at any pH, while PNA3
(H,N-T-C-C-C-C-Bala-COOH) and PNA4 (AcHN-Lys-T-C-
C-C-C-C-C-C-C-CONH,) showed formation of strong C-C*
tetraplexes more stabilized (by 10-20°C) than those formed with
isosequential DNA strands, up to pH 5.5. The tetraplexes are no
longer observed above pH 6. This example represents the first
C-C tetraplexes consisting of unmodified PNA sequences TC,
and TC,.

Conclusions
In this review, an overview on the different supramolecular routes
toward the preparation of nanostructured PNA-based materi-

als has been given through a selection of the most important
examples in the field. By acknowledging a detailed description
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of templated (i.e., by surface or CNTs) and non-templated (i.c.,
depending on the ssPNA itself) self-assembly and self-organiza-
tion protocols undertaken to supramolecularly-organized ssPNA
modules, this article discusses the main strategies toward the
engineering of nanostructured PNA-based materials. Therefore,
the reader has been guided through a systematic exploration of
the most common avenues to prepare such organized materi-
als accompanied by a discussion of their main potential appli-
cations. Although prototypes of various functional PNA-based
materials (e.g., microarrays of various nature) and preparative
approaches have been proposed, the examples reported in this
article represent the initial steps of an increasing effort aimed
at the design and preparation of further soft nucleotide-based
materials which possess all the necessary characteristics (such
as structural stability under thermal and electrical stresses) for
technological applications in devices, others that those used in
biotechnology. From the above described examples, it clearly
appears that PNA can be a reliable alternative to DNA in those
assemblies lacking of the intrinsic properties for device appli-
cations, for instance sizable conductivity, redox or photoactive
properties, soft and very fragile properties, high thermal lability
at relatively low temperatures, low synthetic versatility for side-
chain functionalization. Together with these advantages, over-
coming PNA’s physical (e.g., tendency to aggregate and limited
solubility, to name a few) and synthetic protocol (e.g., it needs
large excess of non-recyclable monomers for each SPPS step)
limitations is the challenge that chemists working in this area
have to tackle to ensure a dramatic impact of PNA in materi-
als science. Although the research is still in its beginning, more
types of new PNA derivatives can be manufactured carrying out
innovative and imaginative research to develop new complex
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biomimetic architectures creeping ever closer to the ultimate
goal of producing real-world technologies, showing its limits
only in the human imagination.
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