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Peptide nucleic acid (PNA) oligomers have tremendous potential as therapeutics; however, their delivery
is challenging and has limited their development as therapeutics. In recent years, new strategies for
delivering water-soluble backbone-modified PNA oligomers into cells for antisense and gene-editing
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applications have attracted significant attention. This review critically examines earlier delivery
approaches and their limitations, highlights recent advances in PNA engineering and nanocarrier design,
and discusses the future directions necessary to advance PNA-based therapeutics. By integrating these

innovations, PNAs hold the potential to transform biomedical applications and contribute to the next
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1. Introduction

The discovery of antisense oligonucleotides has revolutionized
treatment strategies for genetic disorders by inhibiting aber-
rant protein production of disease-causing messenger RNA
(mRNA), noncoding RNA (ncRNA), and microRNA (miRNA).">
The antisense oligonucleotides primarily inhibit gene expres-
sion by high-affinity and sequence-specific binding to the target
gene sequence. Among all the chemical modifications devel-
oped to improve oligonucleotide properties (Fig. 1A), peptide
nucleic acids, which combine pseudopeptide backbones with
nucleobases (Fig. 1B), have emerged as promising constructs
and were first reported three decades ago.”> The PNA backbone
consists of N-(2-aminoethyl)glycine units linked to nucleobases
(adenine or A, thymine or T, guanine or G and cytosine or C) via
methylene carbonyl bridges, replacing conventional sugar-
phosphate backbones (Fig. 1B).>* Since their discovery, PNAs
have drawn significant interest because they combine the best
chemical features of peptides and nucleic acids and have
demonstrated the ability to selectively inhibit gene expression by
blocking the interaction of transcription and translation factors,
ribosomes, and RNA polymerase with the target sequences
(Fig. 1C).>” PNA monomer design offers several advantages; key
structural benefits are discussed below (Fig. 1D-F). The neutral
backbone eliminates electrostatic repulsion between complemen-
tary strands, increasing the binding affinity and stability of PNA-
DNA and PNA-RNA duplexes (Fig. 1D). The pseudopeptide back-
bone is resistant to nucleases and proteases and is much more
stable in biological fluids than RNA or DNA (Fig. 1E). Finally, PNA
monomers are commercially available with Fmoc-protected
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amines and Boc/Bhoc-protected side chains, making them com-
patible with standard solid-phase peptide synthesis (Fig. 1F),
enabling straightforward oligomer synthesis and easy conjugation
with peptides, fluorophores, and lipids to improve properties such
as solubility, cellular uptake, and endosomal escape.

PNAs offer several advantages over traditional antisense
oligonucleotides. For example, siRNAs possess a higher mole-
cular weight (4-15 kDa) and negatively charged backbones,
whereas PNAs typically have a molecular weight of only
2-4 kDa and neutral and hydrophobic backbones. Again,
oligonucleotides with phosphorothioate (PS) or phosphorodia-
midate (PMO) backbones need to be larger than PNAs due to
their lower binding affinity. Additionally, PS oligonucleotides
increase the risk of RNase H-mediated degradation at off-target
binding sites. In contrast, PNAs exhibit high binding selectivity
and have a lower likelihood of adverse effects from off-target
binding.>® Numerous studies have established that PNAs can
target canonical and non-canonical nucleic acid structures, such
as duplexes, quadruplexes, i-motifs, and aptamers.'®™"® More
importantly, PNAs can invade double-stranded DNA to inhibit
transcription and can trigger gene editing. Recent reports on
backbone and nucleobase modifications have improved water
solubility and binding interactions with target sequences.'®>°
Notably, gamma-substituted hydrophilic miniPEG-modified
PNAs have demonstrated the ability to invade double-stranded
DNA, expanding gene-editing applications across various disease
models.>**' Moreover, PNAs have been utilized in the prepara-
tion of self-assembled nanostructures for multiple applications,
serving as electrochemical biosensors for cancer diagnosis,”>
replacement for crosslinked polymers in organic electronic
devices,”* " supramolecular anticoagulants for drug delivery,>®
immunogenic triggers,” and crosslinkers in peptides and poly-
mer hydrogels to increase their stiffness.***
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Fig. 1 Structural and functional advantages of peptide nucleic acids (PNAs) compared to other antisense oligonucleotides. (A) Chemical structures of
different types of antisense oligonucleotides; (B) chemical structure of the PNA monomer; (C) cartoon representation of inhibiting gene expression by

antisense PNAs by acting as a functional blockage for proteins like transcriptio
their (D) high-affinity binding ability to target sequences due to neutral backbo
compatibility with solid phase peptide synthesis.

Although PNAs demonstrated efficacy in several therapeutic
applications under cell-free conditions and in vivo, robust stra-
tegies for delivering them are still needed. Currently, thirteen
antisense oligonucleotide drugs are approved by the United
States Food and Drug Administration (FDA), including nine
single-stranded antisense oligonucleotides and four siRNAs.**”
However, despite the tremendous potential of PNAs as new
therapeutics, no PNA-based therapeutics have received FDA
approval to date, primarily because delivery remains a significant
barrier.®® This review summarizes the historical delivery
approaches and their limitations. Additionally, it highlights the
latest advances in chemical modifications and nanotechnology-

(A)

2 ) (B)

Cationic
sidechain

C
Electrical and
mechanical

Cell
penetl_'aling

No cell uptake
VAVAN
Unmodified PNA

Strategies to deliver PNAs
into cells

) )
Modification
by i hili i A
ymg’igﬁesm Nanoparticles amphiphiles A

/\/\oocqjg_.

n/translation factors; advantages of PNAs as antisense oligonucleotides for
nes, (E) serum stability due to pseudo-peptide nature of backbones, and (F)

based delivery systems that aim to overcome these obstacles and
expand the therapeutic potential of PNAs.

2. Challenges of delivering PNAs into
cells

PNA-based therapeutics are limited by poor intracellular delivery
and rapid systemic clearance (circulation half-life ~ 3 minutes),
partly due to low membrane permeability and fast renal
elimination.? A broad range of delivery approaches have been
explored to address this issue, including physical methods

ytoplasm

Endosome
entrapment

Antigene

escape
\'/\/\'%9

VAVAN

l Translation

Antisense

Penetration of cell

CPP membrane

Fig. 2 Delivery modalities implemented for PNAs. (A) Common strategies to deliver PNAs into cells: (B) one of the most well-studied strategies is to
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conjugate PNAs to cell-penetrating peptides (CPPs), which are internalized via endocytosis.
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(electroporation, nucleofection, microinjection, and co-trans-
fection), conjugation to cell-penetrating peptides (CPPs), chemical
modifications of the backbone, and encapsulation in nanoparticle
carriers (Fig. 2).

However, many traditional approaches are unsuitable for
in vivo applications because of poor PK/PD profiles, toxicity, or
limited efficacy. For example, CPP conjugation increases
uptake but typically requires high doses because most PNA-
peptide conjugates are trapped in endosomes, with only a small
fraction reaching the cytosol, which raises concerns about
nonspecific interactions and toxicity. Co-delivery with endo-
some disruptors (e.g., chloroquine or Ca*>*) can enhance cyto-
solic release but may impair cell viability. Again, liposomal
delivery often demands additional modifications, such as
charged peptides or complementary DNA, to efficiently load
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PNAs. Recent polymeric nanoparticle approaches offer
improved delivery, but they generally lack tissue or cell-type
specificity and tend to accumulate in the liver, thereby increas-
ing the risk of hepatotoxicity. Ongoing nanoparticle optimiza-
tion aims to increase PNA loading and achieve targeted
delivery, representing a major advance for the field. Examples
of vectors for different PNA oligonucleotides are shown in
Table 1 (see Section 3 for a detailed description).

3. Classifications of different delivery
strategies

In the following section, popularly applied delivery methods for
PNAs are discussed separately based on their delivery mechanisms.

Table 1 Examples of delivery vectors and chemical modifications of PNA oligonucleotides

Serial number PNA backbone

Delivery platforms

Uptake mechanism  Treated in vivo/in vitro
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3.1. Mechanical and electrical transduction

Mechanical or electrical transduction methods can efficiently
deliver various biomolecules into cells. These methods disrupt
cell membranes and generate transient nanopores that per-
meabilize the cell to exogenous molecules.*® Hanvey et al. used
the microinjection method to deliver PNAs into fibroblast cells
and demonstrated their antisense and antigene properties.*'
The microinjection method directly injects molecules into
living cells by perforating cell membranes with the small, sharp
tips of microneedles, which can physically damage cell mem-
branes and cause toxicity. Again, the electroporation method
requires an external electric field for membrane permeabiliza-
tion, and delivery efficacy depends on the electric field
parameters, including voltage, electrode type, and other exter-
nal factors. The electroporation method has been used to
deliver PNAs into cells for inducing alternative splicing,**
promoting endogenous gene expression,”® and inhibiting
miRNA.** neither microinjection nor electro-
poration-based methods are suitable for in vivo applications
because of three reasons: (1) high toxicity due to irreversible
damage to the cell membrane, (2) nonuniform transfection into
cells, and (3) the requirement of an external electric field.
Although these techniques are incompatible with clinical stu-
dies, earlier applications of these delivery methods have helped
advancing the PNA field by providing proof of principle of
efficacy in cells.

However,
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3.2. Chemical modifications of the PNA backbone

Several studies have demonstrated that incorporating chemical
modification either on the backbone or at the amine or carboxyl
terminus can dramatically enhance the delivery of PNAs into cells.
For example, conjugation of a streptolysin O moiety to a PNA
inhibited the expression of the targeted supFG1 reporter gene 10-
fold higher than the control PNA without streptolysin O
conjugation.*” Lipophilic moieties such as adamantyl acetic acid
(Fig. 3A),"® triphenyl phosphonium cations (Fig. 3B),"” and cho-
lesterol or cholic acid (Fig. 3C)*® attached to the N or C terminal
have also successfully delivered PNAs in cells. Gabas and Nielsen
conjugated dendrons composed of amino- and guanidino-
terminating 2,4-diaminobutanoic acid (Dab) to PNAs and reported
successful delivery of dendron-PNAs into HeLa cells via endocy-
tosis and demonstrated their ability to perform splice correction
(Fig. 3D).*® Another approach by Hamilton et al. reported lipofec-
tion of the PNA/DNA complex to deliver antisense PNAs into cells,
which successfully inhibited telomerase activity.”® In the lipofec-
tion strategy, the PNA was hybridized with a complementary DNA
strand to promote complexation with cationic lipids.*°

In addition to attaching cationic or hydrophobic groups to the
amine or carboxy terminus of the PNA, these groups have also been
installed on the side chains of the PNA backbone. Ganesh and
coworkers reported a series of cationic amine-substituted backbone-
modified PNAs, including aminomethylene-, aminopropylene-,
ethyleneamino-, and ethyleneguanidino-PNAs (Fig. 3E-G).'*""2
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Fig. 3 Different types of backbone modifications on PNAs to aid delivery into cells.
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In some cases, lipophilic transporter molecules were

attached to the terminal of the PNA backbone like (A) adamantyl acetic acid, (B) triphenylphosphonium cations, (C) diaminobutanoic acid
dendrons, and (D) cholic acids. On the other hand, in some cases, different cationic side chains were substituted at the alpha or gamma

positions on the PNA backbone, such as (E) aminomethylene, (F) aminopropylene,

tetrahydrofuran.
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(G) ethyleneguanidino, (H) arginine side chain, and (I)
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Additionally, Ly and coworkers incorporated a guanidinium side
chain at the alpha or gamma position of the PNA backbone
(Fig. 3H).'®'7>* The gamma-substituted guanidium side chain
containing PNAs (GPNAs), reported by Dragulescu-Andrasi et al.,
showed favorable cellular uptake properties and hybridization to
the transcriptional start site of the E-cadherin gene, resulting in
sequence-specific antisense effects.”® The GPNAs were less toxic
than PNA-polyarginine conjugates, most likely due to the higher
amphipathic nature of the PNA-polyarginine conjugates that
disrupted cell membranes.>® Another modification introduced
by the Appella group replaced the ethylenediamine units on the
PNA backbone with cyclic tetrahydrofurans (Fig. 31).>® They
also added one lysine at each terminal to increase water solubility.
The authors referred to this type of modified PNAs as Lys-
thyclotides. The tetrahydrofuran-based backbone led to >50%
improvement in cell uptake compared with an unmodified
PNA across four cell lines.”® Live cell imaging revealed no coloca-
lization between fluorescein-labeled thyclotide and endosomes,
suggesting that thyclotides entered cells via an uptake mechanism
different from endocytosis.>® The non-endosomal mechanism of
uptake makes this design attractive, but future work will be
required to understand the benefits of this backbone modification
better.

Although the results obtained with backbone-modified
PNAs are exciting, the main drawback of this strategy is the
complex chemical synthetic procedures required to make PNA
monomers, which could be a significant barrier to scalability
and cost-effectiveness in a clinical setting. In addition, posi-
tively charged side chains can interact nonspecifically with
DNA/RNAs in cells, leading to toxicity.

3.3. PNA-peptide conjugates

Conjugation of cell-penetrating peptides (CPPs) into PNAs
significantly enhances cellular delivery and has been utilized
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for gene knockdown, miRNA inhibition, splice correction, and
antibacterial/antimicrobial/antiviral applications.”””** Reports
include conjugation of cationic peptides (polylysine and
polyarginine),®*™®® cell-penetrating peptides (TAT, penetratin,
and transportan),®”"®® nuclear localization peptides,”® and
endosomolytic peptides”' into PNAs. A few of the latest reports
in this research context are discussed below.

A cytosol-localizing internalization peptide (CLIP6) has
delivered a splice-switching PNA into glioblastoma cells via a
non-endosomal mechanism and modulated splicing in the
oncogenic Mnk2 gene.’® Compared to linear cell-penetrating
peptides, analogous cyclic peptides show higher cell uptake,
miRNA inhibition, and cell apoptosis.*® Additionally, macro-
cyclic multivalent tetraargininocalix[4]arenes that interact with
PNAs noncovalently (via hydrogen bonding and n-n and
cation-r interactions) have also been reported to promote cell
uptake and inhibit miRNA with efficacy comparable to PNA-
polyarginine conjugates.”>

Tumor-targeted delivery has been achieved by conjugating a
pH-low insertion peptide (pHLIP) into PNAs and backbone-
modified PNAs (YPNA) via a disulfide linkage (Fig. 4A). The
PHLIP peptide ensures tumor-selective delivery by undergoing
a conformational change in the acidic tumor microenvironment,
enabling lipid bilayer invasion of tumor cells. Once inside cells,
the disulfide linkage is reduced, making the PNA available for
silencing miRNAs and inducing apoptosis in cancer cells
(Fig. 4A).°>”® Another exciting approach for the cytosolic delivery
of PNAs involves constructing a hairpin structure with a cyclized
TAT peptide as the loop domain and two short complementary
YPNAs (4-mer) as the stem domain (Fig. 4B).”*”® The hairpin
conformation imposes a quasi-circular constraint on the TAT
peptide, thereby enhancing uptake. Interestingly, cyclized
TAT(FAM)-yPNA was reported to escape endosomes more effi-
ciently than the linear TAT(FAM)-yPNA after photoactivation by

, Cyclization of TAT peptide
(B) R PVIVNN\ %M by gamma PNA-PNA duplex
3 XS
/\ "\ Overhanging gamma PNA
anti-telomerase

NN gamma PNA

Photo irradiation mediated
endosomal escape

e @

< } Inhibition of telomerase activity

Fig. 4 Latest designs of PNA-peptide conjugates for cell-specific delivery and overcoming endosomal entrapment. (A) Tumor-specific delivery of a
pHLIP conjugated PNA that releases the antisense PNA by cleaving the connecting S-S bond in a reducing environment in cells, which can induce cell
apoptosis. (B) Cyclization of the TAT peptide by a PNA-PNA duplex that contains an overhang sequence binding to an antisense PNA. The entire
molecular construct is internalized into cells via endocytosis, demonstrating photoirradiation-mediated escape from the endosome and inhibition of

telomerase activity.
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LED illumination at 490 nm (Fig. 4B). Furthermore, this hairpin
construct was used as a carrier molecule by hybridizing the
overhang at the stem domain with an additional 13-nucleotide-
long antitelomerase YPNA, which effectively inhibited telomerase
activity (90% inhibition) by blocking the complexation between
telomerase RNA and the TERT protein in cell culture (Fig. 4B).”>
Finally, Hakata and Kitamatsu reported delivery of an autophagy-
induced peptide (AIP) covalently conjugated with a PNA-PNA
duplex, where one of the two PNAs was attached to polyarginine
(R8) via a disulfide (S-S) bond.”® The authors demonstrated that
the PNA-PNA duplex could induce autophagy more effectively
than direct attachment of the AIP to polyarginine.”® Collectively,
these approaches demonstrate that peptide conjugation substan-
tially enhances PNA delivery, with some examples overcoming
endosomal entrapment and ensuring tumor tissue-specific
delivery.

3.4. Receptor-mediated cell delivery

Receptor-mediated uptake enables cell-type selective uptake of
PNAs. Bhingardev and Ganesh reported the delivery of N-acetyl
galactosamine (GalNac)-conjugated PNAs to mouse livers via
the binding of GalNac to the asialoglycoprotein receptor on
hepatocytes (Fig. 5A).”” In this study, the authors have designed
two different molecular constructs conjugating a 15-mer PNA
either to (1) a triantennary GalNAc (GalNAc3) at the N-terminus
or (2) three consecutive backbone-modified PNA monomers
containing a single GalNAc at their gamma positions (Fig. 5A).””
The GalNAc modification was 40 times more potent at triggering
cell internalization than the analogous PNA-(Lys), conjugates
into HepG2 cells.”” Furthermore, Kumar and Bahal demon-
strated that conjugation of a divalent lactobionic acid (diLBA)
or GalNac selectively translocated PNAs into hepatocytes after
systemic administration in mice.”® They showed that both PNA-
diLBA and PNA-GalNAc conjugates predominantly localized
(~90%) in hepatocytes with slightly higher accumulation in
the case of GalNAc than diLBA conjugates, irrespective of con-
centrations, time, and length of the PNA.”®

The Pentelute research group has demonstrated PNA deliv-
ery using the anthrax-mediated cell uptake mechanism
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(Fig. 5B).”° This uptake mechanism depends on the interaction
between protective antigen (PA) and lethal factor (LFy). In this
strategy, the authors conjugated PNAs to the C-terminus of the
263-residue domain of LFy protein via sortase-mediated ligation
(PNA-LFy) and incubated cells in the presence of PA to evaluate
translocation efficiency. This approach relies on two factors: (1)
the binding of anthrax toxin PAg; to its receptors on cell
membranes followed by proteolytic cleavage to PAg;, which
self-assembles to form an octamer and triggers the endocytosis
of PNA-LFy into cells, and (2) inside endosomes, PAg; undergoes
acid promoted conformational rearrangements to form ion
conductive pores, from which PNA-LFy conjugates translocated
into the cytoplasm (Fig. 5B).” This design enables dose-dependent
knockdown of the SF3B1 gene at nanomolar concentrations of
antisense PNAs across multiple cancer lines.” Moreover, this
technology showed cancer cell-specific gene silencing when PA
was engineered to target HER2 (human epidermal growth factor
receptor 2), which was overexpressed on cancer cells.”

PNAs have also been delivered into bacteria via targeting
membrane transporters. Pienko and Trylska demonstrated that
a 14-mer PNA covalently attached to vitamin By, can enter E. coli
cells by hijacking the By, transport mechanism.®® The interaction
between B12 and the B12-specific BtuB receptor on the bacterial
outer membrane promoted the cell permeation of PNAs.*’ In
another study, Pals and Velema used the siderophore-mediated
iron uptake pathway to deliver an antisense PNA targeting the
acpP gene in E. coli.®" They conjugated an antisense PNA to a tris-
catechol siderophore via a click reaction, which was internalized
via the iron transport pathway and showed a significant antibac-
terial effect at a low micromolar concentration.®! The uptake was
confirmed to occur exclusively via the iron transport pathway, as
E. coli mutants with mutations in iron uptake factors were
resistant to the PNA-tris-catechol siderophore conjugate.®" Collec-
tively, targeting transported pathways unique to bacteria is a
promising strategy for selective antibacterial applications of PNAs.

3.5. Delivery via nano-assemblies

Nanoparticle delivery of both unmodified and backbone-
modified PNAs has shown strong potential for in vivo live-cell

(B)

N-terminal domain
of lethal factor

NN\ Antisense PNA

Anthrax toxin PA63 self-assembled
to form an octamer complex
\

 Acid-mediated rearrangement of
/" PA63 induces endosomal pores

Translocation of PNA into cytoplasm

Fig. 5 Receptor-mediated uptake of antisense PNAs. (A) PNAs conjugated with N-acetyl galactosamines (GalNAc) bind to the asialoglycoprotein
receptor on the cell surface and promote delivery in hepatocytes. (B) The binding of anthrax toxin PA63 to the receptors on the cell surface facilitates the
endocytosis of PNA-LFy into cells. Inside endosomes, PA63 promotes conformational rearrangements that form ion-conductive pores, through which

PNA-LFy conjugates could translocate into the cytoplasm.
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imaging, targeted gene silencing, and gene editing
applications.®”®* The composition of a nanoparticle strongly
affects cellular uptake, endosomal escape, and nuclear localiza-
tion, all of which are key determinants of therapeutic efficacy.
To optimize these properties, a variety of structural modifica-
tions have been explored. For example, coating nanoparticles

View Article Online

Review

with cell-penetrating peptides enhances interactions with the
cell membrane and increases uptake (Fig. 6A).%* Hybrid poly-
meric formulations, such as blends of poly(lactic-co-glycolic
acid) (PLGA) with cationic polymers like poly(beta-amino-
ester) (PBAE) or poly-histidine, improve endosomal release via
the proton sponge effect, thereby increasing intracellular

Design principles to increase delivery efficiency of nanoparticles

(A) Cell-penetrating peptide-coated polymeric nanoparticles

Unmodified nanoparticles

CPP promotes better
. o i association with the cell
—— PNA \wi\CeII-penetratlng Peptide (in particular: ARG, TAT) | membrane, increasing cell
—~ Polymer oA uptake
oyme —— Polymer

Cell-penetrating peptide coated nanoparticles

Benefits of adding cell-
penetrating peptides (CPP) to
the nanoparticle surface

Delivery efficiency: Cell penetrating peptide-coated nanoparticles> unmodified nanoparticles

(B) Hybrid polymeric nanoparticles

PLGA nanoparticles

o (o]
0 o Ny
oy oo Hon
(o] o
Poly(lactic-co-glycolic)acid, PLGA

(o) (o)
"O"N N (o)

~— PNA
——~ Polymer (PLGA only)

— PNA

"} Polymer (PLGA + PBAE)

PLGA/PBAE blended nanoparticles

‘lojﬁgow)czﬂo/}o(o\jilgﬂ

Poly(lactic-co-glycolic)acid, PLGA N

Poly(beta amino)ester or, PBAE

PLGA/poly-histidine blended nanoparticles
[o] o
ﬁokﬁoﬁiowwqo“
[} o "
Poly(lactic-co-glycolic)acid, PLGA
NH

) H
n PN

= PNA
"} Polymer (PLGA + poly-histidine)

Benefits of mixing PBAE with PLGA

Benefits of mixing poly-histidine with PLGA

endosomal escape

Tertiary amines in PBAE buffer the low pH
milieu of endosomes, leading to increased

The imidazole ring of histidine accepts
protons in the acidic endosomes,
promoting the protein sponge effect

Delivery efficiency: Hybrid PLGA nanoparticles> PLGA only nanoparticles

(C) Antibody-decorated polymeric nanoparticles

Unmodified nanoparticles

~ PNA

e PNA
—_~ Polymer

Polymer

\7 Antibody (for example: Intracellular adhesion
molecule-1 (ICAM))

Antibody-decorated nanoparticles

Benefits of antibody conjugation

Cell-specific  delivery via the
interaction of the antibody with the
cell surface receptor

Delivery efficiency: Antibody-decorated nanoparticles> unmodified nanoparticles

Fig. 6 Modifications of the nanoparticle surface to increase delivery efficiency. (A) Coating the nanoparticle surface with cell-penetrating peptides
increases cell uptake. (B) The use of a polymer mixture increases the loading and endosomal escape of cargoes. (C) Antibody conjugation enables cell-

specific targeting.
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bioavailability and therapeutic potency (Fig. 6B).*>
ing via antibody conjugation to nanoparticle surfaces further

Active target-

enables tissue-specific delivery. For example, conjugating anti-

bodies targeting intracellular adhesion molecule-1 (ICAM)
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improved cellular uptake in bronchial epithelial cells up to 24-
fold (Fig. 6C).*°

Cheng et al. demonstrated a double-emulsion solvent eva-

poration method to encapsulate PNAs in PLGA, which generated

Table 2 Summary of PNA delivery via polymeric nanoparticles: PNA types, polymer compositions, nanostructure characteristics, delivery efficiency,
cytotoxicity, and therapeutic outcomes

Components used to

Tested in vivo/ Delivery

Entry PNA backbone  promote nanoassembly Nanostructure in vitro efficiency Cytotoxicity Therapeutic effects
B o 0 e A ) )
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uniform spherical nanoparticles with a size of ~150 nm
(Table 2, entries 1 and 2).***” Surface modification of these
PLGA nanoparticles with a cell-penetrating peptide resulted in
an ~4-fold increase in cell uptake compared to the control
nanoparticles (Table 2, entry 3).8® Adding poly--histidine to
PLGA also enhances uptake, and these particles achieved
>75% knockdown of miR-155 and a 6-fold reduction in tumor
size in mice (Table 2, entry 4).%° Collaborative efforts between the
Glazer and Saltzman labs demonstrated site-specific gene editing
using triplex-forming PNA and donor DNA delivered via PLGA
nanoparticles in different disease models.>*°°*> PLGA nano-
particles carrying backbone-modified PNAs (MyPNA) and donor
DNA produced 0.1% editing in the bone marrow in a beta-
thalassemia disease model (Table 2, entry 5).% A similar strategy
achieved 7% correction of the CFTR mutation in lung tissue in a
mouse model of cystic fibrosis.””®! Subsequent studies com-
bined PLGA with the cationic polymer poly(beta-amino-esters)
(PBAE) and improved the loading efficiency of donor DNA.”?
PLGA/PBAE nanoparticles loaded with ™"yPNA and donor DNA
enabled ~ 6% gene editing in the bone marrow and ~10% gene
editing in hematopoietic stem and progenitor cells after a single
in utero injection and outperformed treatment efficacy in adult
mice (~4% editing in bone marrow and 7% in hematopoietic
stem cells after four doses) (Table 2, entry 6).° Importantly, none
of these studies observed off-target PNA binding or toxicity from
PBAE/PLGA nanoparticles even after multiple injections.

In addition to PLGA-based nanoparticles, O’Reilly et al.
reported a PNA delivery vehicle composed of polymeric parti-
cles made from amphiphilic copolymers that had a hydropho-
bic polystyrene core and hydrophilic positively charged shells.?®
These copolymers encapsulate PNAs via electrostatic interac-
tions or covalent conjugation, and the resulting nanoparticles
were used to image iNOS mRNA expression, a marker of
inflammation, in live cells.’**°

Beyond polymeric nanoparticles, protein and inorganic
nanoparticles (zeolite and silica) have been used for PNA
delivery.”* ' Kelly et al combined porous silicon nano-
particles with PEG-based diblock copolymers to create hybrid
materials that exhibited improved colloidal stability and facili-
tated endosomal escape via the proton sponge effect (Table 2,
entry 7)."% In this case, the polymer composition determines
the nanoparticles’ stability in serum, cytotoxicity, and endo-
some disruption efficiency.'®® Later, Neri et al. implemented a
much simpler salt-trapping strategy to enable PNA encapsula-
tion in porous silicon nanoparticles, achieving ~50% knock-
down of a target miRNA in human bronchial epithelial cells."**

As an alternative to encapsulating PNAs in nanoparticles,
one strategy is to design PNA amphiphiles that self-assemble
into nanostructures capable of cellular internalization. Malik
et al. reported efficient cell uptake of “PyPNA-fatty acid
amphiphiles.'®® The design had MPyPNA conjugated to a
twelve-carbon lauric acid at the N-terminal. The hydrophobic
tail drove self-assembly of the amphiphiles into spherical
vesicles that were internalized by endocytosis, yielding 82%
cellular uptake, 75% miRNA knockdown, and 25% apoptosis
(Table 2, entry 8).'%*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.6. Clinical translation challenges and opportunities for PNAs

Peptide nucleic acids (PNAs) have attracted intense research
interest for three decades. However, their clinical progress lags
behind that of other antisense platforms, such as siRNAs and
PMOs, which already have multiple FDA-approved drugs.'®
PNAs face three interrelated barriers to clinical translation: (1)
scalable and cost-effective manufacturing, (2) efficient tissue-
selective intracellular delivery, and (3) limited investment.
Among these, manufacturing has been the primary impediment.
Although native PNA monomers are commercially available, they
are substantially more expensive than DNA and RNA monomers
because their synthesis is more difficult. In addition, backbone
modifications further complicate the synthesis. These backbone
modifications are necessary because the original neutral back-
bone of native PNA monomers reduces water solubility and
promotes aggregation, thereby adversely affecting the pharma-
cokinetic and pharmacodynamic properties of oligonucleotides
by shortening the circulation half-life and increasing toxicity.
Finally, common delivery platforms, such as cell-penetrating
peptides, suffer from endosomal entrapment and insufficient
tissue-specific targeting, imposing a delivery barrier that signifi-
cantly diminishes therapeutic potency.

Many of these limitations can be addressed by backbone
modifications. Earlier attempts to introduce cationic side chains
(amines and guanidine) improved cellular uptake but increased
toxicity. In contrast, incorporating neutral hydrophilic groups
such as miniPEG and serine side chains into PNA backbones
reduces aggregation by improving water solubility. However, the
synthesis of these modified monomers is complex and requires
challenging purifications, creating manufacturing constraints,
high costs, and limited scalability. Overcoming these challenges
will require investment in streamlined, high-yield, automatable
synthetic routes. Although miniPEG-substituted PNAs offer
higher affinity, greater solubility, and improved sequence selec-
tivity, they are not intrinsically cell-permeable. Advanced biocom-
patible carriers such as ligand-directed systems, pH-responsive
polymers, and lipid nanoparticles (LNPs) have demonstrated
robust cell-type specificity and efficient endosomal escape for
siRNA and mRNA and therefore merit evaluation for PNA deliv-
ery. Finally, to justify further investment, PNAs must demonstrate
distinct therapeutic advantages over other antisense oligo-
nucleotide platforms. Biophysical characterization and in vitro
cell assays have demonstrated the ability of PNAs to invade
double-stranded DNA and RNA, whereas other antisense oligo-
nucleotides often fail to bind these targets.">*"'**'°> By invading
double-stranded DNA, PNAs can inhibit transcription by arresting
RNA polymerase, blocking transcription factor binding, and
distorting the helix.*""'°*'% Backbone-modified PNAs also selec-
tively bind and disrupt noncanonical secondary structures like
guanine quadruplexes (GQ),'”” intercalated motifs (i-motifs),'*®
and hairpins,'®™*** which are often inaccessible to other anti-
sense oligonucleotides. These unique capabilities suggest that
PNAs could address unmet needs where other oligonucleotides
may fail. Fig. 7 summarizes key obstacles to clinical translation of
PNAs, the underlying causes, and possible solutions.
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Fig. 7 A stepwise representation of the major challenges associated with the clinical translation of PNAs, the root cause for these issues, and potential

solutions.

4. Conclusions

Although challenges remain, PNAs offer promising therapeutic
opportunities due to their unique biophysical properties. PNAs
combine high binding affinity, exceptional sequence selectivity,
and chemical stability, making them an attractive platform for
both antisense and antigene applications. Importantly, PNAs can
invade double-stranded DNA and noncanonical secondary struc-
tures, such as guanine quadruplexes, i-motifs, and hairpins, open-
ing therapeutic opportunities that many other oligonucleotides
cannot address. Clinical translation will progress through coordi-
nated work across chemistry, nanotechnology, and biology, focus-
ing on optimizing scalable monomer synthesis, improving targeted
delivery, and selecting the most appropriate therapeutic targets.
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