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Although the distinct property and synthesis methodology of
peptide nucleic acid (PNA) molecules have been established
by extensive studies, the construction of an artificial
nanostructure made from PNA have been examined in only a
few reports. Here we study the feasibility of constructing
PNA-DNA hybrid nanostructures by conventional free
solution annealing and substrate assisted growth methods.
For conventional free solution annealing, we introduced a 2-
step annealing procedure to mitigate the self-aggregation of
PNA in the formation of stable PNA-DNA hybrid structures.
Atomic force microscopy images revealed the formation of
PNA-DNA hybrid nanostructures smaller than normal DNA
and the Raman band intensities of hybrid gradually
decreased as a few DNA strands were replaced by PNA
possibly due to the fast binding property of PNA and the
structural stress between PNA and DNA.

Programmed self-assembly of DNA molecules has emerged as
a promising means of nanofabrication of complex, patterned
structures for use as templates or scaffolds in imposing desired
structures on other materials. Peptide nucleic acid (PNA) is an
artificially synthesized structural DNA-analogous to a backbone
30 of repeating neutral N-(2-aminoethyl) glycine units linked by
peptide bonds, bearing nucleotide bases and a pseudo-peptide
backbone." 2 PNA binds to complementary nucleic acids in both
anti-parallel and parallel directions due to its neutral backbone
charge® and follows Watson-Crick base pairing rules similar to
those of DNA.* Due to the lack of electrostatic repulsion, PNA
can hybridize with another PNA or DNA oligomer with selective
binding affinity without positive ions in a buffer’ PNA-PNA
duplexes have a higher thermal stability than DNA-PNA and
DNA-DNA duplexes. The unique properties of PNA, such as
superior binding affinity to its complementary bases, high
sensitivity to a single base mismatch, high chemical stability
under increasing temperature and pH level, and high biological
stability to nucleases and proteases, make it as a potential
candidate for diverse biological, chemical and material science
45 applications. Although PNA has mainly been used in biological
applications, such as diagnostics, biotechnology and
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pharmaceuticals,*!! it may also be used as a connector for self-
assembly of DNA-based nanostructures.

Hybrid DNA nanostructures with PNA oligomers have extra
benefits associated with greater specificity and tighter binding
that result in the accurate detection of target sequences.
Considering this, we demonstrate the feasibility of constructing a
PNA-DNA hybrid 1-dimensional (1D) 5 helix ribbon (SHR) and
2-dimensional (2D) double crossover (DX) based DNA lattices
by using a 2-step conventional free solution (CFS) annealing and
a substrate assisted growth (SAG) methods. Previously, the
helicity of a PNA-DNA duplex was estimated by incorporating
PNA sequences into a DNA tile to examine the formation of 2D
arrays using a two-DX tile system.'? Here, we study the structural
stability of PNA-DNA hybrid 1D SHR and 2D DX lattices and
carry out a physical analysis of the lattice coverages of both
hybrid nanostructures at their monomer concentrations using the
SAG method. Coverage analysis of the lattices on a given
substrate may serve as a reference in the fabrication of coverage -
controllable PNA-DNA hybrid nanostructures.

In our scheme, two distinct PNA-DNA hybrids, that is 1D SHR
and 2D DX structures, were fabricated using the single stranded
tiles (SST)" and DX tiles with two adjacent duplexes connected
by two crossover junctions,'* respectively. The crystallization
processes of SHR and the DX lattice differ slightly: for SHR,
individual strands directly formed final structures (SST-based
design) at a relatively high temperature whilst for the DX lattice,
strands first formed tiles, which then assembled into final lattices
(tile-based design) at a relatively low annealing temperature. We
incorporated single PNA strand into the unit SHR or DX tiles,
denoted as SHR(L1P) and DX(1-1P), respectively (Fig. 1b). For
the two DX tiles, the corresponding sticky-end pairs within DX-1
and DX-2 were interacted as DNA-DNA and DNA-PNA. As
mentioned earlier, we used a single step CFS annealing method
for DNA and a 2-step for PNA-DNA hybrid structures, which
reduced PNA self-aggregation in buffer solution. Detailed
structural sequence maps and nucleotides of the PNA-DNA
hybrid structures are shown in electronic supplementary
information, Figs. S1-S4 and Tables S1, S2.

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Schematic diagrams of PNA-DNA duplex, fabrication methodology; unit schematics and AFM images of DNA and PNA-DNA hybrid SHR and DX
nanostructures. (a) A cartoon of PNA-DNA duplex; conventional free solution annealing of 2-step process; substrate assisted growth process. (b-d)
Simplified schematics of various DNA and PNA-DNA hybrid SHR and DX nanostructures with corresponding AFM images. Red and black lines in (b)
indicate PNA and DNA strands, respectively. Images in (c) obtained by single step annealing in conventional free solution and (d) by mica assisted growth.
Scale bar in the SHR image in (c) is 1 um and those in (c) and (d) are 250 nm. Insets in (d) show magnified images with scan sizes of 500 x 500 nm?.

Additionally we used the recently developed SAG fabrication
method'™ ' for self-assembly to accurately control the coverage
of PNA-DNA hybrid as well as normal DNA nanostructures on
the mica surface. Both free solution and mica-assisted self-
assembly methods were carried out under the similar conditions,
except that the latter one was performed at a lower DNA
concentration (200 nM for the free solution assembly, and 100
nM for the mica-assisted assembly. 100 nM of either SHR or DX
tiles was enough to cover 5 x 5 mm’ size of the mica substrate
fully). During the annealing process, unit PNA-DNA tiles were
laid on the mica substrate randomly and subsequently, the
complementary sticky-ends hierarchically assembled with these
tiles for structural growth. This led to the formation of large
domains of PNA-DNA hybrid structures on the mica substrate

possibly by their electrostatic interaction that created a catalytic

2s environment for lattice growth. Fig. la represents a schematic

illustration of the SAG annealing process and Fig. 1d shows the
corresponding AFM images of the polycrystalline domains of the
PNA-DNA hybrid SHR and DX nanostructures on a mica
substrate. The surface topologies of the PNA-DNA hybrid

30 structures are clearly distinguishable from normal DNA structures.

As shown in inset Fig. 1d, PNA can be clearly observed as bright
regions in both the SHR and DX hybrid nanostructures, which
may be due to the absence of a net charge on PNA, which results
in a weak binding between the PNA and the charged mica

35 substrate.

In the design and assembly of constructs including PNA strands,
we need to take into account the interaction between PNA and

This journal is © The Royal Society of Chemistry [year]
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DNA molecules and the structural differences between them, that
is, the geometry of the hybrid duplex. The PNA backbone is not
charged; hence, these polymers form a stronger bond between
PNA-DNA strands than between DNA-DNA strands. This is
because of the lack of charge repulsion between PNA and DNA
strands. PNA can bind strongly and selectively to complementary
DNA in an exclusive antiparallel orientation following the
Watson—Crick base pairing rules to target the complementary
nucleic acids.? Preference for antiparallel orientation is a general
feature of a mixed sequence PNA-DNA complex. The neutral
PNA molecules also have a tendency to aggregate to a degree
depending on the sequence of the oligomer. The PNA-PNA
duplex is similar to the antiparallel PNA-DNA duplex and is
between that of A- and B-helix. High thermal stability is expected
in PNA-DNA hybrid structures, because of the absence of inter-
strand repulsions, dipolar interactions, and intra-backbone
hydrogen bonds. At the same time, it would be difficult to form
large-size lattice of PNA-DNA hybrids because of the
geometrical base stacking variations between PNA and DNA
molecules. In addition, PNA has a unique helix form, the P-form
observed in the PNA-PNA duplex. This helix is wide (0.28 nm)
and has a large pitch of 18 base pairs, as observed by X-ray
crystallography,'” in contrast to the pitch of the PNA-DNA
duplex of 13 base pairs, as observed by NMR.'® Thus, PNA-DNA
hybridization results in a structural curvature stress that restricts
the formation of larger size lattices.

We also checked the feasibility of fabricating PNA-DNA
hybrids by incorporating more than one PNA strand into DX
lattices shown in Fig. 2. Thus DX whose strands 1-1 and 2-1 were
replaced by PNA strands was represented as DX(1-1P, 2-1P); DX
whose strands 1-1 and 2-4 were replaced by PNA was
represented as DX(1-1P, 2-4P) and DX with four strands
replaced by PNA was represented as DX(1-1P, 1-4P, 2-1P, 2-4P).
Corresponding sticky-end pair interactions for DX(1-1P, 2-1P)
were DNA-PNA and DNA-PNA,; for DX(1-1P, 2-4P), DNA-DNA
and PNA-PNA; and for DX(1-1P, 1-4P, 2-1P, 2-4P), PNA-PNA
and PNA-PNA.

If DX(1-1P, 2-1P) or DX(1-1P, 2-4P) hybrid lattices were
annealed by the single-step CFS annealing method, structures did
not form properly. Two PNA strands in a test tube restrict the
formation of periodic DNA-PNA structures but promote the
formation of aggregates. So we fabricated them by the 2-step
CFS annealing method; the schematics of the DX tiles and the
corresponding AFM images for the 2-step CFS annealing are
shown in Fig. 2a and 2b (first two columns). For the 2-step, the
first step involved high-temperature annealing of equimolar
mixtures of strands of DX-1 and DX-2 tiles of 400 nM tile
concentration, each in two different test tubes. They were cooled
slowly from 95°C to 25°C by placing test tubes in a Styrofoam
box containing 2 L of boiled water for at least 24 hours to
facilitate hybridization. The second step involved low-
temperature annealing, with the same volume of DX-1 and DX-2
tiles. Now each tile concentration became 200 nM; they were
cooled slowly from 40°C to 25°C by placing a tube in a
Styrofoam box containing 2 L of boiled water (initial temperature,
40°C) for 24 hours to assemble PNA-DNA hybrid nanostructures.
The second step of the annealing process prevented PNA
aggregation. When DX(1-1P, 2-1P) or DX(1-1P, 2-4P) hybrid
nanostructures were fabricated on a mica substrate by the SAG
method, we observed the PNA-DNA hybrid lattices as shown in
Fig. 2c. Even two PNA strands replaced in DX structures, there is
a possibility for formation of hybrid structures using the SAG
method. This might be due to the electrostatic interaction between
the mica and hybrid lattices which was strong enough to protect
from PNA self-aggregation. Information regarding experimental
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details, the structural sequence map and nucleotides of PNA-
DNA hybrid structures is given in the electronic supplementary
information, Figs. S5-S7, and Tables S1, S2.

Next, we tried to fabricate DX(1-1P, 1-4P, 2-1P, 2-4P) hybrid
structures (each DX tile contains two PNA strands) by the CFS
and the SAG annealing methods; the schematics and
corresponding AFM images are shown in Fig. 2a-c (last column).
As expected, self-assembly failed and random aggregates were
obtained. These amorphous and aggregated structures were
clearly evident from the AFM images in Fig. 2b and 2c. These
aggregates could have been formed due to the intrinsic
physicochemical property of PNA, which usually forms random
aggregates at higher temperatures. Thus when more than two DX
strands were replaced by PNA, locally, small fragments
(amorphous nature) of the lattice structures were observed, which
could have been due to the higher structural curvature stress by
the different numbers of base pairs per one full turn in PNA-PNA,
PNA-DNA and DNA-DNA hybridizations.

DX (1-1P, 2-1P) DX (1-1P.2-4P) DX (1-1P, 1-4P, 2-1P, 2-4P)

:lE

1-2

Fig. 2 Schematic diagrams of unit PNA-DNA tiles, and AFM images of 2
and 4 PNA strands in the DX hybrid structures. (a) Simplified schematics
of three different configurations of PNA-DNA hybrid DX nanostructures
with corresponding AFM images. Red and black lines in (a) indicate PNA
and DNA strands, respectively. Images in (b) obtained by single- or
double- step annealing in conventional free solution and (c) by mica
assisted growth. All scale bars in images are 250 nm.

The coverage dependence on the DX monomer concentration
for the SAG method was studied to better understand the lattice
growth mechanism. Hence, the lattice coverage for the hybrid
SHR(L1P), DX(1-1P), DX(1-1P, 2-1P), and DX(1-1P, 2-4P)
nanostructures was analyzed for various monomer concentrations.
Although DX(1-1P, 2-1P) and DX(1-1P, 2-4P) contain a PNA
strand in each DX tile, single step (one-pot) annealing with the
SAG can make the DX lattices safely due to the catalytic effect
by the substrate. Monomer concentration is directly related to the
lattice coverage of a hybrid nanostructure. To achieve consistency
and reliability, four reference conditions were fixed during the
process: substrate size (5 mm x 5 mm), total PNA-DNA sample
volume (250 pL), temperature gradient and time (95°C to 25°C
for 24 h). On the other hand, the monomer concentration, which
was used as the control parameter, was varied. The hybrid
structures started to assemble at the monomer threshold
concentrations Cy, 0of 2 nM for DX(1-1P) and DX(1-1P, 2-1P) and
5 nM for SHR(L1P) and DX(1-1P, 2-4P). Consequently, full

This journal is © The Royal Society of Chemistry [year]
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lattice coverage was achieved at monomer saturation
concentrations C; of 20 nM for SHR(L1P) and DX(1-1P, 2-4P)
and about 30 nM for DX(1-1P), and DX(1-1P, 2-1P) as shown in
Fig. 3. In the SAG system, DNA molecules start to nucleate on

s the substrate at around 2-5 nM (Cj;), whereas in CFS, at around
40 nM. This was due to the catalytic behavior of the substrate,
which pays a partial entropic cost for hybrid crystallization via
the Coulomb force between the charged substrate and the charged
SHR strands or DX tiles. This force creates relatively a higher

10 PNA-DNA molecular density close to the substrate than in the
rest of the solution, thus providing the proper environment for
crystallization.
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Fig.3 AFM images and lattice coverage on mica substrate. (a-d) AFM
images of PNA-DNA hybrid SHR and DX nanostructures grown at
various monomer concentrations by mica assisted growth method. All
scale bars in images are 500 nm. (e, f) Lattice coverage of PNA-DNA

20 hybrid 5HR and DX nanostructures at various monomer concentrations.
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In order to comprehend the binding mechanism between PNA
and DNA molecules, we performed Raman spectroscopy. Raman
band positions of mica and DNA on mica were observed to be
pretty similar to each other (electronic supplementary information,
Fig. S8), as mica consists of minerals and other metallic
impurities. Thus to overcome the undesirable substrate effects of
mica, a glass substrate was introduced for reliable Raman
analysis. In this experiment, the spectrum was excited by a green
laser at 532 nm, and was measured by the intensities of the bands
in the wave number range between 400 and 2000 cm™'. This wave
number range of the Raman spectrum consists of almost all the
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fundamental vibrational bands of DNA molecules. The Raman
spectra of SHR and DX hybrid nanostructures are shown in Fig.
35 4a and 4b. The pristine SHR showed the vibration and stretching
Raman bands centered around 1246, 1381 and 1420 cm™ for
adenine (4); 742, 770, 1291 and 1469 cm™ for thymine (7); 930,
1381 and 1585 cm™ guanine (G); 1291, 1348 and 1617 cm™ for
cytosine (C); and 1066 cm™ for the phosphate backbone (PO;).
40 The pristine DX nanostructure showed the vibration and
stretching Raman bands centered around 1246 and 1420 cm™ for
A; 420, 770, and 1469 cm™ for T; 655, 930, and 1585 cm’ for G;
619 and 1348 cm™ for C; and 1066, and 1145 cm™ for PO, .'*2°?!

a
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L L
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Fig. 4 The Raman spectra of glass assisted grown PNA-DNA hybrid SHR
and DX nanostructures. (a) The graph represents the Raman spectra of
SHR and SHR(L1P) PNA-DNA hybrid ribbons. (b) The Raman spectra of

so DX, DX(1-1P), DX(1-1P, 2-1P), DX(1-1P, 2-4P) and DX(1-1P, 1-4P, 2-1P,
2-4P) PNA-DNA hybrid lattices.

Raman spectra of PNA-DNA hybrid nanostructures were
generated to trace the variations in the intensity of the Raman
ss bands upon interaction of DNA and PNA molecules. There was a
considerable decrease in the intensity of the Raman bands
throughout the spectra when relatively large numbers of PNA
strands were incorporated into the PNA-DNA hybrid
nanostructures. This decrease was due to the incorporated PNA,
which dramatically changed the lattice periodicity. This change in
lattice periodicity deformed the lattice structure and made the
lattice amorphous. Another crucial factor that differentiates DNA
and PNA-DNA hybrid structures is their backbones. We assumed
initially that the changes in the intensity might have been only
due to the backbone bands, but surprisingly, the results of Raman
data showed that it occurred in all the bands as more PNA strands
were added. When two DX strands were replaced by PNA in a
PNA-DNA hybrid structure, i.e., DX(1-1P, 1-4P, 2-1P, 2-4P), the
Raman band intensities showed a significant decrease, which was
70 due to the reduced yield of the hybrid structure. Interestingly, we
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could not find any secondary phases of PNA bands in all the
Raman spectra. This implies that both PNA and DNA molecules
act as a single system to promote the formation of PNA-DNA
hybrid SHR and DX nanostructures. The significant decrease in
Raman band intensities due to the incorporation of more PNA
molecules resulted in structural curvature stress, and this stress
was the reason for the structural deformation of the hybrid
nanostructure or its amorphous nature, which was clearly evident
in the AFM images.

10 In conclusion, we demonstrated the construction of PNA-DNA
hybrid SHR and DX nanostructures by using CFS and SAG
methods. The AFM results revealed the topological formation of
1D ribbons and 2D lattices, and the Raman band intensities
showed the tendency for PNA-DNA hybridization. The hybrid
structures were successfully fabricated when one strand in unit
building block was replaced by PNA, but upon addition of more
than one PNA strands into the DX tile, hybrid structures did not
form properly, but instead small amorphous fragments were
formed in the lattice structures (CFS). This can be explained by
20 the increased structural curvature stress due to distinct base pairs
in the duplex, self-aggregation of PNA during the annealing
process, and by the various thermal stabilities and melting
temperatures between the hybrid nanostructures. These PNA-
DNA hybrid nanostructures may be used in applications where
traditional synthetic DNA and PNA have been used, with PNA
providing additional benefits, such as tighter binding, greater
specificity, stability and accurate detection of target sequences. At
the same time, our design strategy may aid in the use of the rich
functional possibilities of unnatural oligomeric variants of DNA
30 molecules in structural nucleic acid nanotechnology.
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