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Abstract

Peptide nucleic acids (PNAs) are extensively studied for the control of genetic expression since 

their design in the 1990s. However, the application of PNAs in nanotechnology is much more 

recent. PNAs share the specific base-pair recognition characteristic of DNA together with 

material-like properties of polyamides, both proteins and synthetic polymers, such as Kevlar and 

Nylon. The first application of PNA was in the form of PNA-amphiphiles, resulting in the 

formation of either lipid integrated structures, hydrogels or fibrillary assemblies. Heteroduplex 

DNA–PNA assemblies allow the formation of hybrid structures with higher stability as compared 

with pure DNA. A systematic screen for minimal PNA building blocks resulted in the 

identification of guanine-containing di-PNA assemblies and protected guanine-PNA monomer 

spheres showing unique optical properties. Finally, the co-assembly of PNA with thymine-like 

three-faced cyanuric acid allowed the assembly of poly-adenine PNA into fibers. In summary, we 

believe that PNAs represent a new and important family of building blocks which converges the 

advantages of both DNA- and peptide-nanotechnologies.

1 Introduction

Designed in the early 1990s, peptide nucleic acids (PNAs) were presented as a novel 

strategy to target double-stranded DNA by strand displacement to achieve therapeutic gene 

modulation and to construct artificial restriction enzymes.[1–4] PNAs are synthetic DNA 

analogs in which the negatively charged sugar-phosphate backbone is replaced by uncharged 

repeats of N-(2-aminoethyl)glycine units linked by peptide bonds, to which the four primary 

nucleobases are attached as side-chains. For chemical structure see Figure 1. PNAs exhibit 

many attractive properties, including high affinity to DNA and RNA, compared with natural 

oligonucleotides, a significantly lower dependency on ionic strength, high sequence 

specificity for hybridization, chemical stability, and resistance to both nucleases and 

proteases. Furthermore, the peptide backbone allows relatively simple modifications and 

conjugation of various chemical groups. Owing to these remarkable features, PNAs have 

been used in a variety of biological and biomedical applications, mainly antisense therapy, 

and functional genomics research methods, such as enhanced polymerase chain reaction 
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(PCR), diagnosis, detection, and biosensing.[5–14] To date, over 1,500 research papers and 

dozens of reviews have already been published on the use of PNAs in molecular biology and 

drug discovery.

Much like in the case of DNA, PNAs were also utilized for applications beyond molecular 

biology in the larger context of nucleic acid nanotechnology. It was first suggested in the 

early 1980s that nucleic acids can be used as building blocks for materials science and 

nanotechnology, rather than merely as the carriers of genetic information.[15] This new field 

of science, which is commonly termed “structural DNA nanotechnology,” has led to the 

research and development of a vast array of highly defined self-assembled architectures of 

two and even three dimensions, including Holliday junctions, polyhedra, Borromean 

rings[16–20] and more elaborate shapes designed by computational methods.[21–23] Since 

PNA shares the specific molecular recognition employed by DNA via the precise Watson–

Crick base pairing, as well as offers the advantages of peptides, including chemical 

versatility, architectural flexibility, and structural complexity, it was not long before 

researchers recognized its potential for nanotechnology. The polyamide nature of PNA is 

also compatible with solid material applications, as exploited in synthetic poly-amides (such 

as Nylon and Kevlar) and structural proteins (such as keratin and silk).

Owing to the superior hybridization properties of PNA, numerous studies have focused on 

the decoration of various nano-structured materials with PNA strands to develop tools for 

DNA detection.[24,25] A few notable examples include gold surfaces,[26] single-layered 

sheets of graphene oxide,[27] single-walled carbon nanotubes,[28] and nanodiamonds.[29] 

In this mini-review, we describe advances made in the last decade in the field of PNA 

nanotechnology, focusing on self-assembly of PNA-based structures (Figure 2).

1.1 PNA amphiphiles

Peptide amphiphiles are a class of molecules composed of a hydrophobic domain conjugated 

to one terminus of a short peptide sequence that is relatively hydrophilic. The amphiphilic 

nature of these molecules allows assembly into supra-molecular nanostructures exhibiting 

attributes of surfactants combined with the biological function of the peptides embedded in 

the complex. This kind of assemblies is of great interest in tissue engineering, drug delivery, 

and other biomedical applications, as they can be endocytosed by cells, exhibit a high 

density of bioactive peptides and can be constructed as hydrogels, fibers, and micelles with 

adjustable dimensions.[30–32] Through the incorporation of PNA as part of the hydrophilic 

block, a nucleic acid binding dense surface can be achieved.

A series of works by Schneider and co-workers described the synthesis of different PNA 

sequences of up to 10-bases linked to alkanes of varying length, as well as their assembly 

and the stability of their duplexes with DNA oligomers.[33–36] The PNAs were also 

incorporated in phospholipid liposomes by their conjugation to a synthetic di-alkyl lipid tail. 

Naturally charged amino acids and a spacer composed of glycines were added to the 

sequence to confer sufficient head group hydration. These modifications resulted in stable 

liposomes that present the PNA domain and hence bind complementary DNA strands.

[33,34] Characterization by small-angle X-ray scattering (SAXS) and dynamic light 

scattering (DLS) verified the formation of nanometric ellipsoidal micelles.[35] The PNA 
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amphiphiles were shown to detect single stranded PCR products of varying lengths, and 

discriminated over other oligomers of same length, to give a novel gel-free DNA analysis 

method by separation with micellar electrokinetic chromatography.[36]

Stupp and co-workers have described a PNA–peptide amphiphile conjugate that self-

assembles into nanofibers and binds to oligonucleotides with high affinity and specificity.

[37] This PNA segment is a poly-thymine heptamer followed by the peptide sequence 

KGGGAAAK which promotes β-sheet formation to give nanofibers as previously reported 

by the same group.[38] Thermal denaturation experiments showed stronger binding of a 

poly-adenine DNA by the PNA–peptide amphiphile fibers compared with poly-thymine 

DNA and RNA, as well as a free heptathymine PNA molecule. Moreover, when a single 

thymine was introduced into the hepta-adenine DNA strand substrate, the melting 

temperature (Tm) was lower by 16°C, indicating high binding specificity. The authors 

suggested that these fibers can be highly attractive for application, including translation 

regulation studies, nucleic acid purification, and biosensors.

In a more recent work, Gianneschi and co-workers described the preparation, assembly and 

DNA hybridization properties of PNA-based amphiphilic polymer brushes.[39] These 

assemblies are comprised of a 10-base long single stranded PNA sequence formulated into 

high-density brushes via graft-through polymerization using ring-opening metathesis 

polymerization (ROMP). The resulting materials self-assemble into spherical nanoparticles 

with a hydrodynamic radius of 25 nm when dialyzed from DMSO into an aqueous solution, 

as indicated by electron microscopy and DLS and supported by molecular dynamics 

simulations. The PNA brush polymers show hybridization to complementary DNA 

sequences. As demonstrated by Tm measurements, hybridization to the nanoparticles is 

stronger than that of the unpolymerized PNA by a difference of 8°C. Potential applications 

for these assemblies, as proposed by the authors, are nucleic acid delivery into cells and 

DNA purification.

1.2 PNA–DNA duplexes

A different approach for the self-assembly of PNAs into nanoparticles is by inserting a PNA 

molecule into an array of self-assembled DNA building blocks. Hybrid duplexes would 

benefit from the advantages available to PNAs as discussed above, in particular improved 

chemical and thermal stability, while making minimal changes in the assembled DNA 

design.

Seeman and co-workers demonstrated this hetero-duplex strategy by the incorporation of 

PNA into a DNA double crossover (DX) molecule.[40] DX molecules, which normally 

consist solely of DNA, contain two crossover links between two double helical domains. 

These molecules can be expanded further by adding a secondary structure motif between the 

two crossovers. The researchers used two DX DNA tiles, one of which appended with a 

DNA hairpin perpendicular to the molecule plane between the crossovers, and both 

terminated with sticky ends. When co-assembled, these two tiles form a two-dimensional 

array displaying the hair-pins that appear as stripes at constant distances when imaged using 

atomic force microscopy (AFM). The unmodified tile was changed so it contained short 

segments of PNA instead of only DNA strands. Assembly of the hetero-polymer tiles 

Berger and Gazit Page 3

Biopolymers. Author manuscript; available in PMC 2019 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



showed arrays similar to those generated by the DNA-based molecules. Furthermore, the 

study details the use of these arrays as tools to measure the helical repeat of oligonucleotides 

by the periodic features identified in the AFM images.

Another well-studied DNA architecture that has been the subject of several studies with the 

goal of turning it into a hetero-duplex is the guanine (G) quadruplex. G-quadruplex is a 

guanine-rich sequence motif naturally occurring in the genome that adopts a distinct four-

stranded structural topology.[41] It has been reported that designed PNA oligomers are also 

capable of forming hybrid-quadruplexes with DNA. Armitage and co-workers targeted a 

dimeric G-quadruplex telomeric sequence with a G-rich PNA probe.[42] Melting curves 

recorded by UV and circular dichroism (CD) spectroscopy revealed the formation of a stable 

hybrid containing G-quartets. The resulting hetero-quadruplex exhibits very high 

thermodynamic stability of −36.1 kcal/mole at low salt concentration, comparable with the 

remarkable stability of a four-stranded DNA quadruplex of a similar sequence. These 

quadruplexes can be used either as therapeutic targets owing to their high biological stability 

or as telomeres imaging agents.[42–44]

Different hybrid G-quadruplex forming PNA molecules were studied by Appella and co-

workers. A set of short G-rich γ-substituted PNA constructed from L-lysine (LKγ) with 

varying number of γ-modifications was synthesized. This family of molecules has been 

shown previously by the same group to serve as a versatile scaffold to introduce a range of 

functional groups onto PNA without hindering the hybridization of complementary 

sequences.[45] While unmodified G-rich PNAs can generate quadruplex structures alone, 

these LKγ-PNAs form hybrids only with target human telomeric DNA sequences, making 

them highly selective. This level of specificity is suggested to be useful for the development 

of telomer targeting ligands.[46]

In a latter work, Balasubramanian and co-workers described the first PNA quadruplex 

formed with no DNA template.[47] The quartet-forming molecule is a tetra-PNA composed 

of one thymine residue followed by three guanines. A lysine was added to the C-terminus to 

enhance water solubility. Formation of quadruplexes was identified by mass spectrometry 

and UV melting curves. Analysis by CD spectroscopy revealed a pattern similar to that of 

antiparallel DNA quadruplexes. As the biological DNA-based G-quadruplexes are being 

employed as molecular wires and devices in nanotechnology, the authors envisioned the 

more chemically and thermally stable new structures to be excellent candidates for similar 

uses.

PNA–DNA interactions can also be utilized for the precise assembly of peptides and 

proteins as demonstrated in works by Fromme and co-workers. The researchers have used 

PNA–protein conjugates and introduced them into a DNA nanocage, four DNA sequences 

folded into a tetrahedral shape, through hybridization with the PNA linker.[48] PNA 

conjugates with either cytochrome c or azurin were assembled into the nanocages within 

merely 2 min at room temperature. Moreover, the catalytic activity and secondary structure 

of cytochrome c were analyzed and found to be unaffected by the assembled construct.[49] 

The authors suggested that the flexible design could be expanded to incorporate up to six 

different functional proteins that can be studied in defined sites within the DNA framework.
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1.3 Minimalistic PNA

The shortest PNA building blocks that were shown to self-organize into ordered 

architectures are di-PNAs, i.e. PNA sequences of only two side-chains. All the 16 possible 

combinations of di-PNAs were screened, rising from the four PNA basic monomers (A, C, 

G, and T). It was demonstrated that certain guanine-containing molecules can self-assemble 

into ordered structures, while di-PNAs lacking a guanine base did not form any organized 

architecture.[50] X-ray diffraction analysis of the GC di-PNA revealed a highly organized 

structure stabilized by Watson–Crick interactions between guanines and cytosines of 

neighboring molecules, as well as inter- and intra-molecular aromatic π-stacking between 

the bases, as was also observed for short aromatic dipeptide assemblies.[51,52] This work, 

which was the first to describe the self-assembly of an unmodified PNA with no other 

additives, illustrated the duality of the PNA molecule. The resulting elongated structures 

were shown to exhibit excitation-dependent emission over the entire visible spectrum, a 

property that was not previously demonstrated for assemblies of either peptides or DNA and 

can be exploited for the fabrication of organic optical devices.

Following these results, an even smaller PNA-based molecule capable of self-association 

was discovered in a non-biased search.[53] All four unmodified PNA monomers, as well as 

their commercially available Fmoc- and Bhoc-protected forms, were tested for their self-

association potential. Only the guanine-based compound with both protecting groups 

showed propensity to form ordered structures. DLS measurements and electron microscopy 

revealed spherical assemblies of highly uniform dimensions, resembling inorganic particles 

such as silica. These spheres underwent a secondary process of assembly at the interface of 

the solution and the air to generate a tightly packed monolayer arranged in hexameric 

symmetry. A similar array of nanocrystals is found in the skin of certain species of 

chameleon. Through changes in osmolarity of its tissues, this camouflaging animal is able to 

alter the spacing of the crystals, thereby reflecting a different wavelength, resulting in an 

active color change.[54] Since the crystals found in the skin of the chameleon are composed 

of guanine, the synthetic guanine-based PNA system was tested under different salt 

concentrations and adjustment of the reflected wavelength was indeed demonstrated. The 

change in color can be terminated by deposition of the layer on a solid substrate. The 

photonic crystals formed by this method are attractive for a variety of optics and photonic 

applications.

Notably, in both works only guanine-based PNA molecules were found to self-assemble.

[50,55] This is interesting since guanine is a key component in the assembly of natural DNA 

structures such as the G-quadruplex.[56] Moreover, in addition to the arrays of guanine 

crystals in chameleons mentioned above, other nanometric architectures made of guanine 

crystals give rise to various physical colors in fish and in reflectors in reptile eyes (tapeta 
lucida).[57,58] Among the canonical nucleobases, guanine is known as the most potent in 

the field of supramolecular chemistry owing to its remarkably versatile chemical structure 

and the variety of non-covalent interactions it can form including hydrogen bonding, 

electrostatic interactions, hydrophobic interactions, metal coordination, and aromatic 

stacking.[56]
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1.4 Modification of PNA assembly by a small molecule

A new approach to the self-assembly of PNAs is presented in a very recent work. While 

synthetic biologists are trying to expand the four-letter genetic alphabet, that allows for only 

two kinds of base-pairs, by incorporating unnatural bases into DNA, Sleiman and co-

workers cleverly used a small molecule that possesses three thymine-like faces to alter the 

structure of poly-adenine nucleic acids.[59] This small molecule, termed cyanuric acid, is 

known to form hydrogen bonds with molecules that display complementary acceptor-donor 

motifs, such as adenine, melamine, and diaminotriazine. Upon addition of cyanuric acid to 

hepta-adenine PNA, assembly was monitored by a hypochromic effect and a red shift at the 

UV spectrum. AFM imaging revealed fibers that are 100 nm long and approximately 2 nm 

in height. This phenomenon was observed for poly-adenine DNA and RNA sequences, 

resulting in micron-long fibers. Since the structures can be generated in large quantities and 

the components are inexpensive and non-toxic, the authors suggested the fibers may have 

potential uses in tissue engineering and drug delivery.

2 Concluding Remarks

Nature has long served as an inspiration for scientists who desire to design functional 

synthetic systems with a high level of precision and efficiency. Two key directions for the 

development of bio-inspired nanomaterials are based either on the use of protein and peptide 

building blocks, or alternatively, on the use of DNA. Polypeptide structures are superior in 

terms of structural integrity and robustness, while nucleic acids have the advantage of 

specific molecular recognition between complementary bases. PNA is an artificially 

designed polymer that combines the rational design of DNA with the chemical versatility of 

peptides. Although originally developed for applications in molecular biology and drug 

design, it is emerging as a potent candidate for materials science and nanotechnology uses.

This mini-review highlights the four main approaches toward the generation of nanometric 

PNA-based supramolecular assemblies. While initial studies were based on the conjugating 

of PNA segments to self-assembling moieties to gain hybridization properties, the field is 

now expanding into exploitation of the nucleic acid nature of the polymer to achieve further 

rationally designed and well-organized architectures. Given the versatile characteristic of 

PNAs together with the ease of synthesis, new strategies toward the engineering of 

nanostructures for applications beyond nucleic acids binding are surely to rise in the future.
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Figure 1. 
Representative chemical structures of peptide, DNA, and PNA. The side-chains which can 

be replaced by any amino acid residue in peptides, or nucleobase in the case of DNA and 

PNA, are highlighted in red

Berger and Gazit Page 9

Biopolymers. Author manuscript; available in PMC 2019 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. 
Schematic illustrations of the four main approaches to molecular self-assembly using PNA. 

(A) A PNA amphiphile is composed of a PNA strand (red) conjugated to a hydrophobic 

domain (yellow). When assembled in solution nanostructures such as spheres or fibers with 

a hydrophobic core are formed and the PNA are displayed on their surface in high density. 

(B) PNA can bind complementary sequences of DNA to form hybrid duplexes. These 

hybrids can then be used to generate typical nucleic acid assemblies such as G-quadruplex, 

or more elaborated designs using structural DNA nanotechnology methods. (C) PNA 

molecules as short as di-PNAs, have been shown to assemble through a combination of 

Watson–Crick interactions and aromatic stacking into different nanostructures with unique 

physical properties. (D) The co-assembly of PNA with cyanuric acid, a small molecule 

exhibiting three thymine-like faces, allows the organization of poly-adenine PNA into fibers
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