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Antimicrobial resistance (AMR) is a growing concern because
it causes microorganisms to develop resistance to drugs
commonly used to treat infections. This results in increased dif-
ficulty in treating infections, leading to higher mortality rates
and significant economic effects. Investing in new antimicro-
bial agents is, therefore, necessary to prevent and control
AMR. Antimicrobial nucleic acids have arisen as potential
key players in novel therapies for AMR infections. They have
been designed to serve as antimicrobials and to act as adjuvants
to conventional antibiotics or to inhibit virulent mechanisms.
This new category of antimicrobial drugs consists of antisense
oligonucleotides and oligomers, DNAzymes, and transcription
factor decoys, differing in terms of structure, target molecules,
and mechanisms of action. They are synthesized using nucleic
acid analogs to enhance their resistance to nucleases. Because
bacterial envelopes are generally impermeable to oligonucleo-
tides, delivery into the cytoplasm typically requires the assis-
tance of nanocarriers, which can affect their therapeutic po-
tency. Given that numerous factors contribute to the success
of these antimicrobial drugs, this review aims to provide a sum-
mary of the key advancements in the use of oligonucleotides for
treating bacterial infections. Their mechanisms of action and
the impact of factors such as nucleic acid design, target
sequence, and nanocarriers on the antimicrobial potency are
discussed.
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INTRODUCTION
Bacterial infectious diseases are becoming a serious threat to public
health, mostly due to the emergence of antimicrobial resistance
(AMR). The outlook is even bleaker as the appearance of multidrug
resistance pathogens makes antimicrobial treatments increasingly
ineffective in both third world and high-income countries.1–5 For
instance, annually in the United States, over 2.8 million people fall
ill due to AMR bacterial infections and 36,000 people succumb to
the disease.6 In Europe, AMR causes approximately 33,000 deaths
annually and imposes a substantial financial burden on European
healthcare systems.7

Despite the increasing threat posed by AMR, the development of clas-
sical antibiotics is no longer deemed profitable by pharmaceutical
companies.8 The lack of approval for new drugs, years of investment,
This is an open access article under the CC BY-N
and millions of dollars spent have discouraged reinvestment in
discovering antibiotics. Moreover, antibiotics are usually adminis-
tered for a limited time, whereas treating chronic diseases requires pa-
tients to take medication for life, which is more economically
attractive.8–10

In contrast, researchers are exploring alternative approaches to
classical antibiotics and have identified nucleic acids as potential
novel antimicrobials or adjuvants to enhance the antimicrobial ac-
tivity of these traditional drugs. Antimicrobial nucleic acids have
been proposed to function either by disrupting molecular signaling
pathways at the translational level or by interference with tran-
scription.11,12 Independently of the inhibitory mechanism, antimi-
crobial nucleic acids prevent the target bacterium from producing
proteins involved in essential metabolic processes, antibiotic resis-
tance, or virulence mechanisms.13–15 Hence, selecting the appro-
priate target, such as the mRNA binding sequence or the transcrip-
tion regulatory protein to be targeted, is a critical step in
developing effective drugs.12,16–18

There are still some challenges that need to be addressed to
develop effective drugs. One such challenge is the sensitivity to nu-
cleases, which makes natural nucleic acids unsuitable for adminis-
tration in the human body. As a result, antimicrobial nucleic acids
are typically designed using nucleic acid analogs, also known as
nucleic acid mimics, which are resistant to enzymatic degradation
(Figure 1).19–21 These nucleic acid analogs include noncharged
backbones (e.g., peptide nucleic acids [PNAs], phosphorodiami-
date morpholino oligomers [PMOs]), anionic oligonucleotides
with sugar modifications (e.g., bridged nucleic acids [BNAs] or
the homologous locked nucleic acid (LNA), 20-O-methyl RNA
[20OMe]), as well as alternative internucleoside bonds (e.g., phos-
phorothioate (PS)). A comprehensive description of the structures
and properties of these nucleic acid analogs can be found
elsewhere.22
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Figure 1. Structures of nucleic acid analogs, ASOs, TFDs, DNAzymes, and nanocarriers
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Based on their mechanism of action, these nucleic acids are classified
into antisense oligonucleotides and oligomers (ASOs), deoxyribo-
zymes (DNAzymes), and transcription factor decoys (TFDs) (Fig-
ure 1). Although they have different structures, both ASOs and DNA-
zymes act at the translational level, inhibiting protein synthesis,
whereas TFDs are intended to interfere with transcription, inhibiting
mRNA synthesis, resulting in the downregulation of the target gene.

Regardless of their structure, these molecules need help crossing bac-
terial membranes effectively. Hence, nanocarriers are being explored
to transport the nucleic acids in the human body and through multi-
layered bacterial membranes (Figure 1). Examples of nanocarriers
include cell-penetrating peptides (CPPs), liposomes, cationic bolaam-
phiphiles, and vitamin B12 and DNA tetrahedrons, which differ in
size, structure, properties, and other features.15,23–27 The properties
of these nanocarriers also affect the potency of antimicrobial nucleic
acids. Detailed information about the structures and properties of
these nanocarriers has been published elsewhere.22

The purpose of this review is to provide a comprehensive overview
of potential antimicrobial nucleic acids–based strategies, along with
fundamentals that underpin their design. A summary of the most
frequently studied antimicrobial oligomers (CPP-conjugated PNA
or PMO), alongside the latest advancements in the fields of antimi-
crobial nucleic acids design (mostly centered on anionic nucleic acid
analogs) and intracellular delivery in bacteria (e.g., liposomes,
cationic bolaamphiphiles, vitamin B12 and DNA tetrahedrons),
will be presented. This is succeeded by a critical analysis of the
most promising nucleic acids–based treatments for bacterial
infections.

ASOs
In 1991, Rahman and coworkers28 introduced an innovative
approach to combat bacterial infections using ASOs aimed at target-
ing the 16S rRNA in Escherichia coli. This study has demonstrated an
alternative strategy for the development of novel antimicrobial drugs.

Currently, ASOs are primarily engineered to block the mRNA trans-
lation of both essential and nonessential genes. Several essential genes
such as the gyrA, ftsZ, and acpP have already been recognized as po-
tential targets for antimicrobial ASOs.11,16,18,24,29–35 Despite being
prevalent in a wide range of both Gram-negative and Gram-positive
pathogens,11,16–18,24,26,29–42 the presence of mutations in these genes
can pose challenges in designing broad-spectrum ASOs. However,
they still serve as suitable targets for narrow-spectrum ASOs.23 More-
over, ASOs can target genes that, although not essential for bacterial
survival, provide adaptive advantages, such as virulence genes
involved in biofilm formation.13,43 By targeting antibiotic-resistance
genes, ASOs can also enhance the effectiveness of most broad-spec-
trum antibiotics.15,44–51 Table 1 shows a list of potential target genes
for antimicrobial nucleic acids.

Regardless of the targeted mRNA, ASOs must identify a specific
sequence and inhibit the translation of a functional protein. To vali-
date the specificity of ASOs, the experiments routinely incorporate
mismatched and scrambled nucleic acids, along with controls
involving unloaded nanocarriers. In bacteria, the antisense inhibition
of mRNA translation occurs via either steric blocking of RNA se-
quences or cleavage of the mRNA through recruitment of RNase H,
depending on the structure of the ASOs (Figures 1 and 2).11 The pre-
diction of the antisense mechanism typically relies on the RNase H
assay, which assesses the extent to which ASO/RNA heteroduplexes
are cleaved by RNase H.52,53

MECHANISM OF INHIBITION OF mRNA TRANSLATION
VIA ASOs: RNase H-MEDIATED CLEAVAGE
The recruitment of RNase H activity (Figure 2) implies the forma-
tion of an ASO/RNA heteroduplex mimicking the DNA/RNA het-
eroduplex geometry. In contrast to DNA/DNA and RNA/RNA du-
plexes, which adopt B-form and A-form structures, respectively, the
DNA/RNA heteroduplexes assume an intermediate form character-
ized by a O40-endo conformation.54,55 This geometric arrangement
may elucidate how RNase H discerns RNA duplexes from DNA/
RNA hybrids, ultimately leading to the cleavage of the RNA strand
involved in heteroduplex structures.55 However, considering the
need for biological stability to create effective drugs, some level of
modification is desirable. As such, oligonucleotides containing PS-
modified internucleoside linkages are favored over natural nucleo-
tides (DNA) containing phosphodiester (PO) linkages to design
RNase H-dependent ASOs (Figure 1).56 The second generation of
ASOs are called gapmers and aim to improve the stability and spec-
ificity of these oligonucleotides while preserving RNase H activity
(Figure 1).57,58 Gapmers consist of a central DNA or PS/DNA
sequence to recruit RNase H activity, flanked by regions composed
of nucleotides with modified sugars such as 20OMe or LNA to in-
crease the target affinity and resistance to nucleases. Kurreck
et al.59 evaluated various gapmer designs and found that a gap of
6 and 7 DNA residues in 20OMe or LNA-modified gapmers, respec-
tively, was required for the complete activation of RNase H.
Furthermore, the RNase H activity was correlated with the affinity
of the flanking regions to the target RNA, with nuclease activity
decreasing in the order of LNA >20OMe > DNA > PS/DNA, with
LNA flanks providing the strongest inhibition.51 However, the
excessive affinity of LNA-gapmers has also been associated with
hepatotoxicity due to RNase H-mediated cleavage of off-target
RNAs.60,61 For 16-mer LNA-gapmers, a melting temperature below
55�C was found to significantly improve specificity and thus reduce
cytotoxicity.62

MECHANISM OF INHIBITION OF mRNA TRANSLATION
VIA ASOs: STERIC BLOCKING
Steric blocking ASOs are designed to form stable ASO/RNA hetero-
duplexes that prevent translation by hindering ribosomal maturation
or polypeptide elongation (Figure 2). Therefore, these ASOs usually
bind to regions of regulatory sequences in mRNA, such as the start
codon region (translation initiation site)16,24,35 or the Shine-
Dalgarno sequence (ribosomal-binding site),18 where initiation of
the translation occurs.56 Moreover, the lack of secondary structures
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 3
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Table 1. Potential target genes for antimicrobial oligonucleotides

Gene Gene classification Encoded protein and/or function Target bacteria Reference

gyrA Essential DNA gyrase subunit A

Staphylococcus spp.; Streptococcus spp.;
K. pneumoniae; Acinetobacter spp.;
Brucella spp.; A. baumannii;
B. anthracis; S. pyogenes;
S. pneumoniae; S. aureus

Panchal et al.18, Geller et al.24, Nekhotiaeva et al.29,
Patenge et al.30, Kurupati et al.31, Wang et al.32,
Rajasekaran et al.33, Barkowsky et al.36,
and Barkowsky et al.102

ompA Outer membrane protein A K. pneumoniae Kurupati et al.31

ftsZ
Filament temperature-sensitive protein Z
Cell division protein ftsZ

Staphylococcus spp.; Streptococcus
spp.; K. pneumoniae; Acinetobacter
spp.; Brucella spp.; A. baumannii;
B. anthracis; P. aeruginosa

Liang et al.17, Panchal et al.18, Geller et al.24,
Nekhotiaeva et al.29, Patenge et al.30,
Kurupati et al.31, Wang et al.32,
Rajasekaran et al.33, Ghosal and
Nielsen35, Zhang et al.37, Meng et al.38,
Long et al.119, and Zhang et al.130

acpP
Acyl carrier protein involved in
fatty acid synthesis

E. coli; Pseudomonas spp.;
Brucella spp.; B. cepacia;
Salmonella enterica
Serovar Typhimurium;
A. lwoffii; A. baumannii;
B. anthracis; K. pneumoniae

Bai and Luo11, Greenberg et al.16,
Panchal et al.18, Geller et al.24,
Równicki et al.26, Rajasekaran et al.33,
Good et al.34, Ghosal and Nielsen35,
Yavari et al.39, Tilley et al.40,
Mellbye et al.41, Perche et al.42,
Iubatti et al.108, Liu et al.116,
and Chen et al.124

rpoA RNA polymerase subunit a L. monocytogenes
Alajlouni and Seleem83 and
Abushahba et al.95

rpoB RNA polymerase subunit b C. difficile Hegarty et al.85

rpoD Transcription initiation factor
L. monocytogenes; MRSA
E. coli; S. enterica;
K. pneumoniae; Shigella flexneri

Bai et al.23, Bai et al.81,
Alajlouni and Seleem83

polA DNA polymerase I B. suis Rajasekaran et al.33

asd
Aspartate-b-semialdehyde
dehydrogenase;
cell envelope synthesis

B. suis Rajasekaran et al.33

dnaG DNA primase B. suis Rajasekaran et al.33

fmhB Cell wall synthesis S. aureus Nekhotiaeva et al.29

inhA Mycolic acid biosynthesis M. smegmatis Kulyté et al.97

ald Alanine dehydrogenase M. smegmatis Skvortsova et al.52

fbpA, fbpB, fbpC
Antigens 85A, 85B, 85C (mycolyl-
transferase activity);
cell wall synthesis

M. tuberculosis Harth et al.125

sigH

RNA polymerase sigma-H factor;
transition from exponential growth
to stationary phase and
initiation of sporulation

C. difficile Marín-Menéndez et al.25

Fur
FUR transcription factor;
import of iron

E. coli K12 González-Paredes et al.134

fmhB Synthesis of peptidoglycan MRSA Liu et al.116

(Continued on next page)
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Table 1. Continued

Gene Gene classification Encoded protein and/or function Target bacteria Reference

THI-box present
in several operons

TPP riboswitch L. monocytogenes Traykovska et al.122

S-box operon SAM-I riboswitch
L. monocytogenes;
S. aureus

Traykovska and Penchovsky123

MotA Virulence
Cytoplasmic membrane protein;
bacterial adhesion
and biofilm formation

P. aeruginosa Hu et al.13

efaA
Enterococcus faecalis antigen A;
bacterial adhesion
and biofilm formation

E. faecalis Narenji et al.43

gtfBCD, gbpB, ftf
Adhesion-associated protein;
biofilm formation

S. mutans Zhang et al.27

icl
Isocitrate lyase; essential for
M. tuberculosis
survival in macrophages

Mycobacterium tuberculosis Li et al.148

agrA

Accessory gene regulator; quorum
sensing system in MRSA responsible
for regulating the expression
of virulence genes, including toxins and
degradative exoenzymes

MRSA Da et al.121

YycFG (or WalRK or VicRK)

Two-component regulatory system;
control cell wall metabolism,
membrane composition;
biofilm formation

S. aureus Wu et al.126

mar operon Antibiotic resistance

Reduce traffic of tetracyclines
through the outer membrane;
reduce quinolone-induced
DNA damage

Enterobacteriaceae White et al.46 and Sharma et al.47

CmeABC operon CmeABC multidrug efflux pump Campylobacter jejuni Oh et al.48

mexAB-oprM operon Multidrug efflux pump P. aeruginosa Wang et al.49

acrB
AcrAB-TolC efflux pump; resistance
to fluoroquinolones

E. coli Meng et al.50

mecA
PBP2a; transpeptidase with low
binding affinity to b-lactams

MRSA Meng et al.15, Goh et al.51, and Beha et al.129

mecR1
b-Lactam-sensing transmembrane
signaling protein; mecA gene regulator

MRSA Ran et al.154

blaCTX-M-group 1 b-Lactamase CTX-M-group 1 E. coli Readman et al.112

aac(60)-Ib
Aminoglycoside-modifying enzymes;
amikacin resistance

A. baumannii Lopez et al.94

WalR

WalR transcription regulator; control
cell wall metabolism, membrane
composition, and resistance
to vancomycin

MRSA Hibbitts et al.87

PBP2a, penicillin-binding protein 2a.
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Figure 2. Inhibition of the mRNA translation through the steric blocking or RNase H-mediated cleavage mechanisms

In the absence of ASOs, the mRNA is translated into a protein responsible for essential functions, antibiotic resistance, or virulence mechanisms in bacterial cells. The binding

of steric blocking ASOs to a specific mRNA sequence hinders the formation of the ribosomal apparatus or the translation of a complete and functional protein, thus exerting

antimicrobial activity or inhibiting the antibiotic resistance or virulence mechanisms. Recruitment of the RNase H activity cleaves the ASO/RNA heteroduplexes, hindering the

mRNA translation. (This figure was created with BioRender.com.).
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in these regions makes them accessible targets for small ASOs bind-
ing. As a result, the inhibition is highly efficient.11,63

The steric blocking mechanism demands the formation of an ASO/
RNA heteroduplex that is resistant to RNase H degradation.19,64 This
can be achieved by using PMO, because PMO/RNA heteroduplexes
do not serve as substrates for RNase H activity.65 In addition, PMO is
considered safe, having been approved by the US Food and Drug
Administration for treating Duchenne muscular dystrophy in the
form of the nucleic acid drug eteplirsen (Exondys 51).66 Like PMO,
PNA does not recruit RNase H. In fact, PNA/RNA heteroduplexes
adopt a conformation resembling that of A-form RNA duplexes.67

However, PNA oligomers require the conjugation of hydrophilic mol-
ecules due to concerns related towater solubility.21,68–70 PMOandPNA
oligomers are synthesized exclusively using PMOand PNAmonomers,
respectively (Figure 1). This is due to the incompatibility of their syn-
thesis with DNA, RNA, or other nucleic acid analogs. In contrast,
anionic nucleic acid analogs containing 20-substituents, such as
20OMe and LNA (or BNA), can be incorporated into the same oligonu-
cleotide (formingmixmers) alongwith natural nucleic acids (DNA and
RNA), as well as PO and PS internucleoside linkages (Figure 1).59,71–74

20OMe and LNA adopt the canonical (C30-endo) A-form RNA confor-
mation, being invisible to RNase H.54,75,76 However, 20OMe can pose
toxicity concerns due to nonspecific binding to proteins.77 In contrast,
LNA are less prone to protein binding,78 and additionally exhibit supe-
rior affinity and specificity to RNA.53,79,80 It is worth noting that an
excess of affinity in LNAmixmers is likely to result in the same toxicity
issues found in LNA-containing gapmers.60,61
6 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
INFLUENCE OF THE TARGET SEQUENCE IN ASOs
INHIBITORY POTENCY
After overcoming the delivery barrier, the susceptibility of the target
sequence to antisense inhibition dictates the potency of ASOs. In
fact, even when targeting the start codon and Shine-Dalgarno re-
gions, selecting the most sensitive positions is crucial to enhance
the inhibition of gene expression through steric blocking. For
instance, Geller et al.24 tested PMO targeting acpP mRNA in Acine-
tobacter at the positions [�16; �6] and [1; 11] (numbering from the
first base of the start codon) and achieved higher antimicrobial ac-
tivity with the PMO sequence overlapping the start codon. Green-
berg et al.16 also showed that the CPP-PMO conjugates targeting
the start codon ([-5; 6]) of acpP mRNA in Burkholderia were
more potent than those targeting a near-downstream sequence
([4; 14]). A similar observation was made in Pseudomonas aerugi-
nosa using PNA.35 When targeting ftsZ mRNA, the lowest mini-
mum inhibitory concentration (MIC) was achieved by ASOs target-
ing downstream positions, partially including the start codon (1 or 2
nucleotide residues downstream) or with no overlap ([4; 13]). These
results confirm that the hybridization of ASOs near or overlapping
the start codon is an effective approach for downregulating gene
expression. However, there are exceptions to this rule, as demon-
strated by Panchal and collaborators.18 They found that in Bacillus
anthracis, PMOs complementary to the start codon of the acpP
mRNA or to a sequence near it ([�9; 2] and [4; 14], respectively)
were less effective than ASOs targeting a distant upstream position
([�17; �7]). Similarly, ASOs targeting the [�16; �6] position of the
gyrA mRNA were more potent than their counterparts targeting a

http://BioRender.com
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near-start codon position ([4; 14]). The authors suggested that over-
lapping with the apparent ribosome binding site (7–9 bases up-
stream from the start codon) was the most likely reason behind
the higher antimicrobial activity of ASOs targeting upstream
positions.

In addition to the translation initiation region, binding ASOs to a spe-
cific interior region within the mRNA sequence can result in a high
inhibitory effect. Liang et al.17 used folding software to predict the sec-
ondary structure of ftsZ mRNA and selected 10 open sites within the
stem-loop regions. They designed several ASOs, which were screened
for binding efficiency using dot-blot hybridization. After selecting the
[309; 323] position through screening, they designed a PNA oligomer
to target it. To compare the inhibitory potency, this PNA-ASO
was tested against another one targeting the start codon ([�9; 3]),
and both PNA-ASOs were conjugated to the (RXR)4XB peptide
(R is arginine; X is 6-aminohexanoic acid; B is b-alanine). The two
conjugates inhibited methicillin-resistant Staphylococcus aureus
(MRSA) growth at concentrations of 30 and 40 mM, respectively,
with the conjugate targeting the [309; 323] position showing higher
effectiveness (lower concentration required). Interestingly, the most
potent conjugate, targeting the [309; 323] position of ftsZ mRNA,
was designed with a longer sequence (15-mer) than the counterpart
targeting the start codon region (12-mer). This finding suggests
that long PNA sequences can be as effective as short ones targeting
the translational regulatory sequences if highly sensitive binding sites
downstream of the start codon are targeted. Bai et al.81 also noted that
the rpoDmRNA, which encodes the primary sigma 70 factor of RNA
polymerase in MRSA, contains an internal region with high sensi-
tivity to antisense inhibition. In this case, however, the most potent
PNA matched a structured region of the mRNA, which is typically
less sensitive to antisense inhibition. Despite the many alternative
binding sites generated by these approaches, designing an effective
ASO targeting these regions can be more challenging and time-
consuming than simply targeting the start codon and Shine-
Dalgarno regions.

INTRACELLULAR DELIVERY OF ASOs IN BACTERIA
There is a consensus that the major limitation of ASOs as antimicro-
bial drugs is delivering them to the bacterial cytosol in a sufficient
amount to inhibit gene expression.15–18,23–25,27,31,38,41,51,82–87 Unlike
classical antibiotics that can pass through bacterial envelopes,
partially due to their small molecular weight, ASOs are comparatively
larger molecules and thus face obstacles in achieving the same feat.
A few studies have highlighted lipopolysaccharide as a significant bar-
rier to the penetration of PNA in Escherichia coli.88,89 In Gram-pos-
itive bacteria, the thickness of the peptidoglycan layer also plays a
crucial role in the diffusion of PNA through the bacterial wall, with
increased thickness leading to greater restrictions in diffusion.90 Con-
cerning the anionic oligonucleotides, they still need to overcome the
electrostatic repulsion caused by the negatively charged surface of
both Gram-negative and Gram-positive bacteria.72,91 Moreover, their
size makes it challenging for them to passively diffuse through the
outer membrane of the Gram-negative bacteria.92
Studies on determining the optimal size of antisense oligomers have
indicated that 10- to 12-mer oligomers are more efficiently internal-
ized into bacteria and exhibit a greater inhibitory effect than either
longer or shorter oligomer strands.34,35,93 Nonetheless, these studies
mostly used uncharged ASO-CPP conjugates targeting the start
codon region, which may not reflect the behavior of other nucleic
acid analogs and delivery systems. In fact, the lengths of other
ASOs have been successfully delivered. For example, LNA and ami-
noBNANC ASOs with lengths of 21- and 15-mers, respectively, have
been shown to cross the bacterial envelope with the assistance of
CPPs.38,94 In addition, anionic ASOs with lengths ranging from 17-
to 25-mers have been successfully delivered into bacteria using lipid
particles and DNA tetrahedrons.15,27,49,50,85 These results suggest
that the optimal length of ASOs must be determined based on the
type of nucleic acid analogs and nanocarrier used to achieve the
maximum inhibitory activity.

In this regard, research into nanocarriers within the context of nucleic
acids delivery into bacteria assumes a crucial role in the advancement
of this therapeutic technology. However, due to the diversity of target
genes and bacteria used in these studies, as well as a lack of in vivo
studies demonstrating the efficacy of ASO-nanocarrier constructs, a
direct comparison of the nanocarrier performance is quite difficult.
Nevertheless, a clear distinction exists between the types of nanocar-
riers used for intracellular delivery in bacteria, depending on whether
the ASOs are charge neutral or anionic. Although charge-neutral
ASOs are primarily linked to CPPs, anionic ASOs exhibit greater vari-
ability in terms of the nanocarrier class used.

INTRACELLULAR DELIVERY OF CHARGE-NEUTRAL
ASOs
Of the nucleic acid analogs, PNAandPMOare the onesmostly studied
as antimicrobial ASOs in animal models bearing bacterial infections
(Figure 1). These oligomers are often conjugated to CPPs, resulting
in MICs in the range of 0.2–62.5 mM for Gram-negative bacteria
and 0.1–80 mM for Gram-positive species (Table 2). In both instances,
the MICs vary greatly, reflecting the different performance of CPPs
across different bacterial species as well as the target sequence.
Awidely used CPP is the (KFF)3K (K-lysine; F-phenylalanine) peptide
conjugated to PNA or PMO. These constructs have shown MICs
ranging from 0.2 to 12.5 mM against pathogens such as E. coli, Salmo-
nella typhimurium, Klebsiella pneumoniae, Listeria monocytogenes,
and S. aureus.26,29–31,33,34,38–40,51,81–83,95–97 In mouse models, the
effectiveness of (KFF)3K conjugates as therapeutic agents was also
demonstrated. A dose of 3 mg/kg of (KFF)3K-PNA was sufficient to
improve the survival of mice infected with E. coli. Despite the prom-
ising outcomes, the prospects of (KFF)3K-PNA conjugates as novel
antimicrobials are bleak because mutant strains (e.g., mutations in
the sbmA gene encoding an inner membrane peptide transporter
that recognizes and transports PNA) exhibiting resistance to these
conjugates have already been identified.39,98 In addition, the potential
toxic effects of the (KFF)3K peptide should be considered before its
further development as an antimicrobial drug.99,100 Hemolytic activity
was also reported at 40 mg/mL for this CPP.101
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 7
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Table 2. Composition, in vitro and in vivo inhibitory concentrations of the antimicrobial oligonucleotides, and their bacterial targets

Carrier + oligonucleotide In vitro antimicrobial activity In vivo antimicrobial activity Bacteria Reference

(KFF)3K-PNA MIC: 0.2 mM N.A. E. coli K12 Good et al.34

MIC: 4 mM
Growth inhibition: 40 mM

Bacteremia in BALB/c mice: 500 nmol E. coli K12 Tan et al.82

Growth inhibition: 5 mM N.A. E. coli K12 Równicki et al.26

MIC: 2 mM
Growth inhibition: 20–40 mM

N.A. K. pneumoniae Kurupati et al.31

Growth inhibition: 12.5 mM
Intracellular inhibition: 30 mM

N.A. B. suis Rajasekaran et al.33

MIC: 5 mM
Intracellular MIC: 15 mM

C. elegans model: 15–30 mM L. monocytogenes Alajlouni and Seleem83

MIC50: 32 mM
Intracellular MIC: 8 mM

C. elegans model: 16–32 mM L. monocytogenes Abushahba et al.95

MIC: 1.6 mM N.A. S. pyogenes Patenge et al.30

Growth inhibition: 2.5–5 mM N.A. MRSA Goh et al.51

MIC: 12.5 mM N.A. MRSA Bai et al.81

MIC: 2 mM
Growth inhibition: 10 mM

N.A. S. aureus Nekhotiaeva et al.29

MIC: 2 mM N.A. M. smegmatis Kulyté et al.97

MIC: 2 mM N.A. E. coli Yavari et al.39

(KFF)3K-PNA (D-form peptide) MIC: 2�4 mM N.A. E. coli Yavari et al.39

(RXR)4XB-PNA MIC: 1–2 mM N.A. P. aeruginosa Ghosal and Nielsen35

MIC: 2–4 mM N.A. P. aeruginosa Maekawa et al.84

MIC: 5 mM Sepsis BALB/c mice model: 10 mg/kg ESBLs-E. coli Bai et al.23

MIC: 2.5 mM Sepsis BALB/c mice model: 10 mg/kg MDR-S. flexneri Bai et al.23

MIC: 30 mM N.A. ESBLs-K. pneumonia Bai et al.23

MIC: 12.5 mM N.A. MDR-S. enterica Bai et al.23

MIC: 62.5 mM G. mellonella model: 4 nmol S. pyogenes Barkowsky et al.36

MIC50: 1 mM
Intracellular MIC <2 mM

C. elegans model: 16–32 mM L. monocytogenes Abushahba et al.95

Growth inhibition: 30 mM N.A. MRSA Liang et al.17

IC50: 0.63 mM G. mellonella model: 10 nmol
S. pneumoniae strains
TIGR4, D39, 19F

Barkowsky et al.102

(RX)6-PNA MIC: 2 mM N.A. P. aeruginosa Ghosal and Nielsen35

(RFR)4XB-PNA
MIC50: 4 mM
Intracellular MIC: 2 mM

C. elegans model: 16–32 mM L. monocytogenes Abushahba et al.95

TAT-PNA MIC: 15.6 mM G. mellonella model: 4 nmol S. pyogenes Barkowsky et al.36

MIC50: 2 mM
Intracellular MIC: 2 mM

C. elegans model: 16–32 mM L. monocytogenes Abushahba et al.95

(Continued on next page)
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Table 2. Continued

Carrier + oligonucleotide In vitro antimicrobial activity In vivo antimicrobial activity Bacteria Reference

B12-(CH2)6-PNA
B12-SS-PNA

Growth inhibition: 5 mM N.A. E. coli K12 Równicki et al.26

DNA tetrahedron-PNA Growth inhibition: 40 mM N.A. E. coli Readman et al.112

IC50: 0.750 mM N.A. MRSA Zhang et al.37

Dendron-PNA MIC: 0.5 mM
Neutropenic murine peritonitis
model: 20 mg/kg

E. coli Iubatti et al.108

MIC: 8 mM N.A. K. pneumoniae

GP-SINPs-ASPNA MIC: 0.8 mM
Keratitis and endophthalmitis
mouse models: 1 mM (20 mL)

E. coli; MRSA Liu et al.116

(KFF)3K-PMO
IC50: 9.5 mM
IC50: 9.5 mM

N.A
E. coli
S. enterica

Tilley et al.40

Luciferase inhibition: 20 mM N.A. E. coli Geller et al.96

(RXR)4XB-PMO
MIC: 0.1–2 mM
MIC: 2–8 mM

Murine pulmonary infection
model: 0.25–5 mg/kg

A. lwoffii; A. baumannii Geller et al.24

MIC: 1.25 mM Mouse peritonitis: 1.5 mg/kg E. coli Mellbye et al.41

MIC: >40 mM N.A. B. cepacia Greenberg et al.16

MIC: 80 mM N.A. B. anthracis Panchal et al.18

(RFF)3XB-PMO
IC50: 3.6–5.2 mM
IC50: 0.5 mM

N.A.
E. coli
S. enterica

Tilley et al.40

MIC: 0.5–1 mM
MIC: 4–8 mM

N.A.
A. lwoffii
A. baumannii

Geller et al.24

MIC: 1.25–5 mM
Virulent Ames B. anthracis-
infected C57BL/6 mice: 5 mg/kg

B. anthracis Panchal et al.18

MIC: 2.5–10 mM

CGD mice infected with
Burkholderia multivorans:
200 mg

B. cepacia Greenberg et al.16

MIC: 2.5 mM N.A. E. coli Mellbye et al.41

(rff)3xb-PMO (D-form peptide) MIC: 5 mM N.A. E. coli Mellbye et al.41

(RFR)4XB-PMO MIC: 0.625 mM Mouse peritonitis: 15 mg/kg E. coli Mellbye et al.41

(RX)6-PMO MIC: 1.25 mM Mouse peritonitis: 5 mg/kg E. coli Mellbye et al.41

DPPC/DMPG (molar ratio: 10:1)
loaded with PS/DNA

lacZ inhibition: 10–25 mM N.A. E. coli CSH36 Fillion et al.117

DSPC/cardiolipin liposomes
(molar ratio: 58:42) loaded
with PS/DNA-PEI complexes
(PEI/ASO weight ratio: 6)

Growth inhibition: 1 mM N.A. E. coli; P. aeruginosa Perche et al.42

EPC/DMPG/PEG2000-DSPE
liposomes (molar ratio: 14:0.9:1)
loaded with PS/DNA-PEI
complexes (N/P ratio: 8)

MIC: 3 mg/mL (0.5 mM)
Resistance gene inhibition:
100 mg/mL (17.4 mM)

N.A. MDR–P. aeruginosa Wang et al.49

(Continued on next page)
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Table 2. Continued

Carrier + oligonucleotide In vitro antimicrobial activity In vivo antimicrobial activity Bacteria Reference

MIC: 3 mg/mL (0.5 mM)
Resistance gene inhibition:
100 mg/mL (17.4 mM)

N.A. Fluoroquinolone-resistant E. coli Meng et al.50

MIC: 0.7 mM
Resistance gene inhibition: 18 mM

Sepsis mice model:
5–10 mg/kg

MRSA Meng et al.15

Micelles of lipid moiety-PS/DNA

Resistance gene inhibition:
5 mM (no antisense activity
was observed by qRT-PCR
and western blotting)

N.A. ESBLs-E. coli Kauss et al.118

Cationic bolaamphiphile
nanoplexes loaded with 20OMe-
PS/DNA-20OMe gapmer

MIC: 0.2–0.8 mM N.A. C. difficile Hegarty et al.85

DNA tetrahedron–20OMe/PS/DNA
mixmer

Biofilm inhibition: 0.750 mM N.A. S. mutans Zhang et al.27

6HB loaded PS/DNA Growth inhibition (57.6%): 0.6 mM N.A. S. aureus Long et al.119

B12-20OMe
50% reduction of RFP
fluorescence: 1.0 mM

N.A. E. coli; S. enterica Giedyk et al.86

(KFF)3K-LNA MIC: 1.56–12.5 mM Mouse peritonitis: 3 mg/kg MRSA Meng et al.38

(KFF)3K-LNA/ps
Quorum sensing inhibition:
3.125–12.5 mM

Mouse skin infection: 40 mM MRSA Da et al.121

(RXR)4XB-aminoBNANC Resistance gene inhibition:
0.5 mM

G. mellonella model: 0.5 mM A. baumannii Lopez et al.94

pVEC-20OMe-PS/DNA-20OMe gapmer MIC80: 0.7 mM N.A. L. monocytogenes Traykovska et al.122

pVEC-20OMe-PS/DNA-20OMe gapmer MIC80: 0.7 mM N.A. L. monocytogenes; S. aureus Traykovska and Penchovsky123

20OMe encapsulated in DPP
decorated with PEG2000-DSPE

Growth inhibition: 1 mM
Sepsis mice model: 1.5 mg/kg
(225 nmol/kg ASOs)

ESBLs-E. coli Chen et al.124

20OMe/PGO Growth inhibition (54%): 20 mM N.A. M. smegmatis Skvortsova et al.52

50 and 30 hairpin modified PS/DNA Growth inhibition: 10 mM N.A. M. tuberculosis Harth et al.125

DNA-ASO loaded GO/alginate hydrogel
Biofilm inhibition: 10%
(w/v) single-stranded DNA
in 50 mg/mL GO

Mouse skin wound model:
10% (w/v) single-stranded
DNA in 50 mg/mL GO

S. aureus Wu et al.126

MLGNP

Growth inhibition (71%):
10 nM MLGNP synthesized
at an initial ASOs concentration
of 100 mM

N.A. MRSA Beha et al.129

GOx&HRP/ZIF-8/DNA-ASO MIC: 16 mg/mL
Mouse skin wound model:
200 mg/mL

MRSA Zhang et al.130

10 mG/L isoniazid +
PS modified DNAzyme

Growth inhibition (63%): 5 mM N.A. M. tuberculosis Li et al.148

ZNO/ampicillin/DNA nanoflower MIC: 100 mg/mL DNA nanoflowers
Rabbit keratitis: 32 mg/mL
ampicillin, 4 mg/mL ZnO,
100 mg/mL DNA nanoflowers

MRSA Ran et al.154

(Continued on next page)
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To enhance their biological activity, CPPs have been engineered
through the selection of their amino acid composition. For instance,
ASOs conjugated to arginine (R)-rich peptides such as (RFF)3KXB,
(RFR)4XB, and (RX)6B have shown lower MICs in E. coli compared
to their counterparts containing the (KFF)3K peptide.40,41 Further-
more, the (RFF)3KXB-PMO conjugate was found to be almost
3-fold more potent against S. typhimurium than the (KFF)3KXB-
PMO.40

Another widely used CPP is the (RXR)4XB peptide (and its (RXR)4
derivative), which has been considered the most effective carrier of
PNA and PMO in several bacteria, including E. coli, P. aeruginosa,
L. monocytogenes,Acinetobacter lwoffii andA. baumannii, and Strep-
tococcus pneumoniae.24,41,84,95,102 This peptide outperforms other
equally effective permeabilizers such as the (RFF)3R, (RFR)4XB,
(RX)6B, and TAT (amino acid sequence GRKKKRRQRRRYK, where
G is glycine, R is arginine, K is lysine, Q is glutamine, and Y is tyro-
sine) peptides. Exceptions were noted in Streptococcus pyogenes, Bur-
kholderia cepacian, and B. anthracis, where TAT, (RFF)3RXB, and
(RFF)3R yielded higher antimicrobial activity (MIC: 1.25–15.6 mM)
compared to (RXR)4XB conjugates (MIC: 40–80 mM).16,18,36 These
findings indicate that the potency of CPPs to permeabilize bacteria
is greatly influenced by the amino acid composition. In fact, this
was also concluded by Mellbye and colleagues.41 They observed
that arginine (R) is more effective than lysine (K) in permeabilizing
bacteria, which explains why (RXR)4XB, (RFR)4XB, (RX)6B, and
(RFF)3KXB are generally more effective than the (KFF)3K peptide.
These findings are not only important to elucidate the reasons behind
the differences in the efficiency of CPPs but can also be used
to improve the specificity of antisense drugs against pathogenic
bacteria.

It is worth noting, however, that these peptides and their respective
conjugates exhibit varying levels of toxicity. For instance, (KFF)3K-
PNA displays toxicity in A549 cells at concentrations exceeding
5 mM,103 whereas 10 mM of (RFF)3XB-PMO does not exhibit any
toxic effect in Caco-2 cultures.40 TAT, when tested on HeLa and
CHO cells, shows negligible effects on proliferation at concentrations
up to 50 mM.104 Inmice, (RX)6B-PMOwas found to be toxic at a dose
of 15 mg/kg,41 whereas (RXR)4XB-PMO has been demonstrated to
be nontoxic up to 3.75 mg/kg when administered intranasally.105

When intravenously injected in rats, 15 mg/kg of (RXR)4XB-PMO
did not produce detectable toxicity.99 It is important to note that un-
conjugated ASOs did not exhibit toxicity. Nevertheless, it is impera-
tive to perform a direct comparison of toxicity using the same
models, because susceptibility to toxic effects can vary among
different cell lines. In addition, the body weight of animal models
should be taken into consideration when assessing toxicity.41

Another interesting feature is the ability of CPPs to permeate both
mammalian and prokaryotic cells. This property has been exploited
to test the efficacy of CPPs conjugated to PNAs in treating intracel-
lular infections caused by Brucella suis or L. monocytogenes
in vitro.33,95 However, the susceptibility of L. monocytogenes to the
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 11
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antisense drug varied depending on the CPP used, with the highest
susceptibility in the following order: (RXR)4XB > (RFR)4XB =
TAT > (KFF)3K.

95 The improved performance of the (RXR)4XB con-
jugate can be attributed to a double effect, which includes the
increased permeabilization achieved by the (RXR)4XB peptide in bac-
teria and its ability to evade endosomolytic agents in mammalian
cells.106 The (RXR)4XB conjugates also showed an improvement
in the survival of Caenorhabditis elegans larvae infected with
L. monocytogenes at doses ranging from 15 to 30 mM.83,95

The activity of CPP-ASO conjugates may be hindered by proteolytic
degradation, because the breakdown of CPP sequences may reduce
their capacity to penetrate bacterial envelopes. As shown by Yavari
et al.39 shorter versions of the (KFF)3K peptide were found to be
less effective in carrying PNAs in E. coli. Similarly, Mellbye et al.41 re-
ported that truncated (RFF)3KXB and (RX)6B peptides carrying
PMOs were also less effective. As such, a recurring characteristic of
several CPPs is the presence of the -XB- motif at their C-terminal
end, which is vital for improving their resistance to proteolysis,
both in serum and within cells.71 Another strategy aimed at
enhancing the stability of CPPs involves the use of D-isomeric pep-
tides. Yavari et al.39 and Mellbye et al.41 assessed the effectiveness
of the D-isomeric forms of (KFF)3K-PNA and (RFF)3XB-PMO,
respectively, and found that they exhibited potent antimicrobial activ-
ity against E. coli with MICs that were only 2-fold higher compared to
CPPs with L-configuration (with values of 2–4 and 5 mM, respec-
tively). The D-isomeric CPPs are also stable in both serum and intra-
cellular environments,107 making them suitable for systemic admin-
istration and treatment of intracellular infections. Furthermore,
researchers have also shown that branched cationic peptides exhibit
enhanced stability against proteolytic degradation and can transport
charge-neutral ASOs into bacteria. For instance, Iubatti et al.108 con-
jugated PNAs to cationic peptide dendrons comprising three genera-
tions of diaminobutanoic acid with eight terminal guanidinobutanoic
acid derivatives. The dendron-PNA conjugates exhibited stability in
both mouse and human serum and were noncytotoxic for HepG2
cells up to a concentration of 90 mM. In in vitro experiments, the den-
dron-PNA displayed potent antimicrobial activity against E. coli, with
an MIC of 0.5 mM. However, it was 16-fold less effective against
K. pneumoniae, a difference that may be attributed to distinctions
in envelope features. Following intravenous administration, the con-
jugates were well tolerated in mice, even at doses up to 20 mg/kg,
effectively treating multidrug-resistant E. coli peritonitis. Notably,
dendron-PNA conjugates predominantly accumulated in the kidneys
and liver up to 24 h postinjection. Given this distribution pattern, it is
prudent to assess nephro- and hepatotoxicity before considering
further applications.

As an alternative to CPPs, vitamins and DNA tetrahedrons have
emerged as potential options for delivering antisense PNA to bacteria
(Figure 1). For instance, vitamin B12-PNA conjugates were used at a
concentration of 5 mM and were able to inhibit the growth of E. coli
in vitro. However, the effectiveness of these conjugates in the human
body may not be as high as expected due to the saturation of B12 re-
12 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
ceptors in the bacterial envelopes with free vitamin.26 DNA tetrahe-
drons are potentially nontoxic and elicit low immunogenic responses,
making them excellent candidates for drug delivery.109–111 They have
been loaded with PNA targeting antibiotic-resistance genes, such as
blaCTX-M-group 1 (encoding the b-lactamase CTX-M-group 1). The
presence of 40 mM of these ASOs reduced the cefotaxime MIC
from 35 to 16 mg/L,112 consisting of a 2-fold increase in the cefotax-
ime antimicrobial activity. In addition, a similar DNA tetrahedron
loaded with 0.75 mMof antisense PNAwas found to effectively inhibit
50% of MRSA growth.37 Despite the promising results, there are still
doubts about the stability and mechanism of intracellular delivery.
Studies have indicated that DNA tetrahedrons are susceptible to
DNase digestion, necessitating protection against nuclease activity
when administered systemically.113,114 Conversely, DNA tetrahe-
drons incubated for 12 h in 10% fetal bovine serum (FBS), human
umbilical vein endothelial cells cell lysate, and E. coli lysate exhibited
remarkable stability, as evidenced by nearly unchanged bands in an
electrophoretic gel.115 Similar findings were reported by Li et al.,
who observed the stability of these structured DNA nanoparticles
for 4 h in FBS and within cells.109

As mentioned previously, the mechanism of intracellular DNA tetra-
hedron delivery in bacteria remains poorly understood. In a study us-
ing atomic force microscopy and scanning electron microscopy, it
was observed that DNA tetrahedrons induce deformations in the
membrane of E. coli, leading to cell shrinkage and the formation
of pores, ultimately resulting in cytoplasmic leakage.115 The signal
from fluorescently labeled DNA tetrahedrons also increases within
the cytosol, indicating their ability to traverse bacterial enve-
lopes.27,37,113,115 In contrast, labeled single-stranded DNA controls
remained nearly undetectable, underscoring the necessity of the pyr-
amid shape for permeabilizing both Gram-negative and Gram-posi-
tive envelopes. A common limitation of these studies was the labeling
of a single strand of the DNA tetrahedron scaffold, which hinders
drawing conclusions regarding the integrity of the nanoparticle.
Consequently, labeling two different strands with a fluorescence reso-
nance energy transfer pair could enable the assessment of DNA tetra-
hedron scaffold dissociation.109,113 This same strategy could also
prove useful in determining whether a double-labeled single strand
within the DNA tetrahedron scaffold remains intact or becomes
cleaved following intracellular delivery.

A notable limitation of the previously discussed delivery strategies is
their lack of selectivity, leading to interactions with mammalian cells
and subsequently increasing the potential for toxicity. Addressing this
issue, Liu et al.116 devised an innovative strategy for selectively deliv-
ering PNAs to drug-resistant bacteria. This approach involves anti-
sense PNAs conjugated to glucose polymer-modified fluorescent sil-
icon nanoparticles (GP-SiNPs-asPNA). The GP-SiNPs-asPNA
(z5.6 nm) exhibit an impressive capability to traverse bacterial enve-
lopes through the bacteria-specific ATP-binding cassette (ABC) sugar
transporter pathway, which is absent in mammalian cell membranes.
These constructs effectively inhibited essential target genes in multi-
drug-resistant E. coli and MRSA at a low dose (MIC: 0.8 mM),
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demonstrating minimal internalization by various human cell lines,
including normal colon epithelial cells (NCM-460), colorectal cancer
cells (CT26 cells), thyroid follicular carcinoma cells (FCT133), mouse
urothelial epithelial cells, and human retinal pigment epithelial cells
(ARPE-19). Collectively, these results demonstrate selectivity toward
bacteria over mammalian cells. The GP-SiNPs-asPNA were also
found to be noncytotoxic to ocular cells up to 60 mM, and they re-
mained stable in 10% (v/v) FBS for 7 days. To assess the potential
therapeutic effect of GP-SiNPs-asPNA, bacterial keratitis and en-
dophthalmitis models were established in mice. The corneas of
mice were treated with a 20-mL solution of GP-SiNPs-asPNA contain-
ing 1 mM of antisense PNA, resulting in bacteriostatic rates ranging
from 98.6% to 99% after 5 days of treatment. Negligible topical and
systemic toxicities were observed.

INTRACELLULAR DELIVERY OF ANIONIC ASOs
Anionic ASOs have shown potential as antimicrobials, with
MICs ranging from 0.2 to 12.5 mM (Table 2). Unlike PNA and
PMO, the delivery strategies for anionic oligonucleotides are more
diverse, including lipid particles, peptides, vitamins, and DNA nano-
structures (Figure 1). In addition, various (natural and synthetic)
anionic nucleotides can be combined to create a limitless variety
of chimeric structures that can either be highly resistant to
nuclease degradation or capable of activating RNase H-mediated
cleavage.15,27,38,42,49,50,85,94,117,118 One of the pioneering studies on
the potential of anionic ASOs to suppress gene expression in bacteria
used PS/DNA oligonucleotides encapsulated in liposomes formed by
dipalmitoylphosphatidylcholine (DPPC) and dimyristoylphosphati-
dylglycerol (DMPG) to inhibit b-galactosidase activity in E. coli at
10–25 mMASO concentration.117 Nevertheless, the loading of anionic
oligonucleotides in anionic vesicles is not effective, but strategies have
been developed to enhance its efficacy. One approach is to complex
PS-ASOs with polyethylenimine (PEI) and then load the resulting
polyplexes into anionic liposomes. Perche and colleagues42 success-
fully demonstrated this strategy, using it to inhibit the growth of
P. aeruginosa and E. coli, by targeting the acpP mRNA with 1 mM
PS-ASOs. At ASO concentrations ranging from 1 to 4 mM, the loaded
liposomes showed no toxicity toward dendritic cells. Cytotoxicity
only became apparent at ASO concentrations exceeding 8 mM, likely
attributable to the cationic properties of PEI. Another similar
construct with a different lipid formulation was used to target anti-
biotic resistance mechanisms. In this study, PS-ASOs, at doses from
0.5 to 18 mM, were able to restore the antimicrobial activity of antibi-
otics against MRSA, multidrug-resistant P. aeruginosa, and fluoro-
quinolone-resistant E. coli.15,49,50 Furthermore, the administration
of 5–10 mg/kg of liposomal PS-ASOs in combination with a thera-
peutic dose of oxacillin significantly improved the survival of mice
bearing MRSA septicemia.15 Unlike PNA and PMO, which often
target regulatory sequences to block mRNA translation, these PS-
ASOs were designed to target interior regions of the mRNA, forming
heteroduplexes that can recruit RNase H activity.

As an alternative to liposomes, lipids moieties were also conjugated to
PS/DNA oligonucleotides to form micellar structures that were able
to cross the envelope of an extended spectrum b-lactamases
(ESBLs)-E. coli strain, thus restoring the antimicrobial activity of cef-
triaxone.118 However, a thorough analysis of the antisense mecha-
nism using qRT-PCR and western blotting failed to reveal any signif-
icant decrease in the expression of the blaCTX-M-15 gene. The authors
suggested that the reduction in the ceftriaxone MICmay be a result of
a specific effect on another gene or an off-target mechanism.

With the aim of improving the stability of ASOs, gapmers composed
of PS/DNA and 20OMe have been also tested. In this study, cationic
bolaamphiphile nanoplexes loaded with 20OMe-PS/DNA-20OMe
gapmers were designed to target and inhibit the growth of Clos-
tridium difficile.85 The nanoplexes displayed potent antimicrobial ac-
tivity at doses as low as 0.2–0.8 mM. However, the authors noted that
the cationic nature of the nanoparticles may cause antimicrobial ac-
tivity at high concentrations, potentially reducing the specificity of
the antisense drug. Furthermore, the cationic bolaamphiphile alone
exhibits modest toxicity (half-maximal inhibitory concentration
[IC50] of 61 ± 1 mM) in Caco-2 cells.25 Despite this limitation, they
demonstrated that 20OMe-PS/DNA-20OMe gapmers, once delivered,
have potential as antisense antimicrobials.

In another study, DNA tetrahedrons, which have also been proven to
be effective carriers of PNA in both E. coli and MRSA,37,112 were also
used to deliver 20OMe/PS/DNA mixmers. These mixmers were de-
signed to prevent biofilm formation by Streptococcus mutans, and
an MIC for these DNA tetrahedrons-mixmers of 0.75 mM was ob-
tained.27 An alternative DNA nanostructure was developed for deliv-
ering PS/DNA-ASOs into S. aureus. This structure comprises a DNA
six-helix bundle (6HB) loaded with three ASOs.119 The 6HB/ASOs
(0.2 mM 6HB containing 0.6 mM ASOs) were incubated with
S. aureus, resulting in the inhibition of 53.2% of ftsZ gene expression.
Consequently, the bacterial growth decreased to 57.6% after a 24-h in-
cubation period. As anticipated for a construct assembled solely with
DNA and PS/DNA, 6HB/ASOs exhibited virtually no cytotoxicity
against human normal liver L02 cells at the antimicrobial concentra-
tion. In contrast to the DNA tetrahedron, 6HB did not penetrate
E. coli cells, suggesting a selective behavior that favored the delivery
in Gram-positive bacteria. The authors speculated that the 14-nm
6HB could traverse the recently imaged 60-nm pores in the
S. aureus wall.120

Taking a different approach, Giedyk et al.86 used vitamin B12 to
deliver full 20OMe ASOs in E. coli and S. typhimurium with the aim
of inhibiting the gene that encodes for the red fluorescence protein
(RFP). Nonetheless, it was found that B12 may have limitations in
delivering LNA-DNA-LNA gapmers and LNA/20OMe mixmers in
E. coli.73

LNA has been shown to increase the stability of heteroduplexes,
thereby enhancing the gene downregulation effect.59 Thus, nanocar-
riers capable of delivering LNA (and its analog BNA) are highly
sought after, but only CPPs have been successful in this regard. In
three distinct works, LNA and aminoBNANC oligonucleotides were
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 13
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conjugated with CPPs to target essential, virulence, and antibiotic-
resistance genes, respectively, in drug-resistant bacteria. In the first
case, LNA-ASOs were conjugated to the (KFF)3K peptides, which
effectively inhibited the growth of MRSA, with doses ranging from
1.56 to 12.5 mM. Moreover, treatment with 3 mg/kg of the
(KFF)3K-LNA conjugate was effective in curing mice infected with
MRSA.38 The same research group used an 18-mer LNA/PS mixmer
coupled with (KFF)3K peptides to target the agrA (accessory gene
regulator) mRNA, a component of the quorum sensing system in
MRSA responsible for regulating the expression of virulence genes,
including numerous toxins and degradative exoenzymes. Adminis-
tering a dose of 40 mM effectively prevented the development of ne-
crosis and ulceration on the skin of mice afflicted with a skin infec-
tion. Moreover, it resulted in a reduction of more than 4 logs in the
colony-forming units at the infection site.121 In another study, treat-
ment with (RXR)4XB- aminoBNANC (0.5 mM), which targets the
mRNA of the antibiotic-resistance aac(60)-Ib gene, restored the activ-
ity of amikacin.94 InGalleria mellonella infected with A. baumannii, a
mixture of 0.5 mM (RXR)4XB-aminoBNANC and 10 mg/kg amikacin
was therapeutically effective. Despite these promising results, there
are still limited studies demonstrating the ability of CPPs and anionic
ASOs to form stable and effective conjugates in living organisms.

Recently, 20OMe-PS/DNA-20OMe gapmers were successfully deliv-
ered to S. aureus and L. monocytogenes by conjugating them with
the CPP pVEC (amino acid sequence LLIILRRRIRKQAHAHSK,
where L is leucine, I is isoleucine, R is arginine, K is lysine, Q is gluta-
mine, A is alanine, H is histidine, and S is serine), inhibiting 80%
of bacterial growth (MIC80) at 0.7 mM (4.5 mg/mL) of pVEC-
ASO.122,123 The conjugates showed good biocompatibility up to
1 mM tested in A549 human cells. Interestingly, the pVEC-ASO
were designed to target two distinct riboswitches (TPP and S-adeno-
syl methionine I [SAM-I]) located in the 50 UTR of mRNAs in Gram-
positive bacteria. This strategy enhances the selectivity for this bacte-
rial group, as evidenced by their inability to influence the E. coli
growth.

An alternative to linear cationic peptides involves the encapsulation of
anionic ASOs within dendritic polypeptides (DPPs) decorated with
PEG2000-DSPE (distearoylphosphatidylethanolamine).124 The amphi-
pathic DPP (amino acid sequence (acetyl-LWLLW)2KKK(RRHR)2,
where L is leucine, W is tryptophan, K is lysine, R is arginine, and H
is histidine) comprises two hydrophobic branches and two hydrophilic
branches, interconnected by three lysine residues. This structure was
used for the encapsulation of 20OMe-ASOs demonstrating excellent
biosafety with normal human small intestine epithelial cells and negli-
gible hemolytic activity at 1 mM. The DPP/ASO/DSPE-PEG construct
demonstrated strong antibacterial effects in vivo, elevating the survival
rate of septicmice infectedwith drug-resistant E. coli to 90% at a dose of
1.5 mg/kg (225 nmol/kg ASOs). Consistent with the in vitro findings,
the mismatch control resulted in a 20% survival rate, indicating that
the constructs lack specificity at themost effective tested concentration.
The concentration-dependent specificity observed in DPP/ASO con-
structs aligns with findings reported in studies using linear CPP-ASO
14 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
conjugates.102 Furthermore, DPP/ASO/PEG2000-DSPE exhibited
rapid accumulation in the kidneys and liver, similar to the pharmacoki-
netics observed in the dendron-PNA designed by Iubatti and
collaborators.108

In addition to being larger in size compared to traditional antibiotics,
the negative charge of ASOs presents a barrier to their penetration
into bacteria.91 To overcome such a limitation, Skvortsova et al.52 de-
signed novel ASOs called phosphoryl guanidine oligo-20-O-methylri-
bonucleotide (20OMe/PGO [phosphoryl guanidine oligo-20-O-meth-
ylribonucleotide]) (Figure 1). Themain advantage of the 20OMe/PGO
is the neutral internucleoside linkage, which is achieved by replacing
the PO with a phosphoryl guanidine group. In addition to being
nuclease resistant and having comparable affinity to 20OMe oligonu-
cleotides, the neutral charge of the 20OMe/PGO ASOs made it
possible for them to penetrate both macrophages and intracellular
Mycobacterium smegmatis, even without the use of nanocarriers.
The use of 20 mM of ASOs (targeting the mRNA position [�10;
13]) to suppress the ald gene (which encodes alanine dehydrogenase)
resulted in a 54% reduction in bacterial growth. Interestingly, Harth
et al.125 also developed ASOs that were able to penetrate mammalian
cells without the use of nanocarriers and partially inhibit the
M. tuberculosis infection. These ASOs were PS/DNA oligonucleotides
(10 mM) with 50 and 30 hairpin extensions. These modifications at the
ends enhanced the internalization of the ASOs, leading to a reduction
in bacterial growth by �1.75 log units in broth culture medium and
0.4 log units in infected human THP-1 macrophages. Nonetheless,
the effectiveness of 20OMe/PGO and hairpin ASOs is likely limited
to mycobacterial species because the unique features of their enve-
lopes may allow for the penetration of these specific uncharged nu-
cleic acids and structured oligonucleotides. Another factor contrib-
uting to the success of these ASOs could be the experimental
conditions that may have facilitated the penetration of these oligonu-
cleotides into the bacterial envelopes. As a result, it is unlikely that
20OMe/PGO and hairpin ASOs will be effective in penetrating the en-
velopes of Gram-negative and Gram-positive bacteria without the
assistance of nanocarriers.

Another approach evaluated ASO-loaded graphene oxide (GO)/algi-
nate hydrogel for inhibiting S. aureus infection in a mouse
skin wound model.126 A dose of 10% (w/v) single-stranded DNA in
50 mg/mL GO (2 mL) was coadministered with a suspension of
S. aureus. The hydrogel effectively impeded the progression of infec-
tion, as confirmed by histological examination 10 days postinjection.
Although this approach holds promise for treating soft wound infec-
tions, addressing an established antimicrobial-resistant infection may
necessitate higher doses of ASO-loaded GO, which could pose a sig-
nificant toxicity risk.127,128 In addition, stability tests are imperative to
confirmwhether unmodified DNA-ASOs will maintain their integrity
in vivo.

Distinct from previous approaches, Beha et al.129 used gold nano-
particles coated with alternating layers of high-molecular-weight
(25 kDa) branched PEI and anionic ASOs for inhibiting the
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Figure 3. Inhibition of gene expression through the

TFD mechanism

In absence of TFDs, the transcription factor binds to the

promoter activating gene transcription. The mRNA is then

translated by the ribosomes into a functional protein. The

binding of the TFD to the transcription factor hinders the

transcription initiation and downstream reactions, leading to

the production of a protein. The gene expression is inhibited

by arresting DNA transcription, rather than mRNA trans-

lation. (This figure was created with BioRender.com.).
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mecA gene in MRSA. The multilayer-coated gold nanoparticles
(MLGNPs) demonstrated a 26% inhibition of mecA expression
(with 10 nM MLGNP synthesized at an initial ASOs concentration
of 100 mM). The coadministration of MLGNP and oxacillin resulted
in a 71% reduction in MRSA growth, whereas mismatch ASOs did
not exhibit any inhibitory effects. However, ASOs only marginally
contributed to increased potency, because PEI-coated gold nanopar-
ticles alone reduced growth by 63%. This suggests that the PEI-
coated gold nanoparticles permeated the MRSA envelope, facili-
tating the unhindered movement of oxacillin into the cytosol.
Indeed, mecA expression was significantly influenced by cationic
gold nanoparticles lacking ASOs. A positive aspect in favor of
gold nanoparticles was the observed selectivity in penetrating bacte-
ria rather than cocultured cells, with low cytotoxicity (85% viable
cells after 24 h of incubation).

Although several studies have demonstrated the potential use of
ASOs as adjuvants for antibiotics against drug-resistant bacte-
ria,15,46–51,94,112,129 ongoing research is exploring novel synergies
involving antimicrobial ASOs, metal ions, and systems that generate
reactive oxygen species (ROS). Zhang et al.130 constructed antimi-
crobial nanoparticles by encapsulating ROS-generating cascade en-
zymes (glucose oxidase [GOx] and horseradish peroxidase, HRP)
within zeolite imidazole framework-8 (ZIF-8), followed by coating
with DNA-ASOs (GOx&HRP/ZIF-8/ASO) through electrostatic in-
teractions. Cytotoxicity testing on HeLa, MCF-7, and L02 cells re-
vealed that GOx&HRP/ZIF-8/ASO nanoparticles are biocompatible
at concentrations up to 80 mg/mL, with negligible hemolytic activity
observed at 512 mg/mL. In mice with MRSA skin infection, subcu-
taneous administration of 200 mg/mL GOx&HRP/ZIF-8/ASO with
glucose cleared the infection after 14 days of treatment. In addition,
examination of the major organs, liver and kidney function tests,
and blood tests of the mice confirmed the in vivo biocompatibility
of the constructs. Nevertheless, the pharmacokinetics and pharma-
Molecular
codynamics of the constructs need thorough
evaluation to confirm the safety of these antimi-
crobial agents.

TFD OLIGODEOXYNUCLEOTIDES
Oligonucleotides can be designed to sequester
DNA binding proteins holding regulatory func-
tions in the gene expression.131 This is the case
for TFDs, which represent a novel class of nucleic acid–based drugs
(Figure 1).12 TFDs are short double-stranded DNA molecules that
contain the DNA binding site of a transcription factor that targets a
specific cis-regulatory promoter sequence of the target gene (Figure 3).
Therefore, TFDs recruit the binding of a specific transcription factor,
which would usually bind to the promoter of a gene to initiate the
transcription. In this way, the inhibition of the gene expression is per-
formed by arrest of the DNA transcription rather than the mRNA
translation.

The successful demonstration of gene regulation in bacteria through
TFDs has been achieved. Wang et al.132 designed TFD oligonucleo-
tides that effectively activated eight silent gene clusters in various
Streptomyces strains. In another study, TFDs were engineered to sup-
press the arginine production pathway repressor in E. coli, resulting in
a 16-fold increase in arginine production.133 Furthermore, TFDs
directed toward various gene regulators known to influence E. coli
survival under exposure to pinene (a monoterpene toxic to E. coli
at 0.5%, v/v) notably improved bacterial resilience against pinene-
induced stress.133 This enhancement was observed in a concentra-
tion-dependent manner for TFDs.

STRATEGIES TO ENHANCE TFD RESISTANCE
AGAINST NUCLEASES
Nuclease sensitivity is a prevalent challenge faced by nucleic acid–
based technologies developed for in vivo applications. Indeed, during
circulation in the human body and following intracellular delivery,
exogenous nucleic acids are vulnerable to nuclease degradation. To
enhance resistance against nuclease activity, antimicrobial TFDs
have been designed with a hairpin shape (Figure 1),25,87,134 in contrast
to the conventional structure that exposes nucleotide residues at both
terminal ends.12,135 The hairpin TFD structure enhances resistance to
exonucleases by shielding terminal nucleotide residues at one end.12

However, TFDs remain susceptible to endonuclease degradation.
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To enhance resistance, PS internucleoside linkages can be introduced
into the backbone of TFD.136,137

Alternative designs aimed to incorporate PNA into TFDs, but initial
efforts using PNA duplexes and PNA/DNA heteroduplexes failed to
recognize transcription factors. PNA duplexes and PNA/DNA het-
eroduplexes adopt structural conformations that do not mimic
DNA duplexes. In this scenario, this structural difference impedes
their binding to the target transcription factor.138,139

A closely analogous DNA duplex structure was developed by Roma-
nelli et al.138 They engineered a PNA-DNA-PNA duplex resembling
the gapmer structure found in ASOs (Figure 1). In this configuration,
a 13-mer DNA duplex containing the transcription factor binding site
is flanked by three paired PNA segments. The PNA-DNA-PNA
chimera, designed to mimic the nuclear factor kB site found within
the long terminal repeat (LTR) of the HIV-1 virus, successfully in-
hibited the interactions between HIV-1 LTR and the proteins p50,
p52, and nuclear factors from B-lymphoid cells. The same research
group also demonstrated the effectiveness of the PNA-DNA-PNA
chimera as a decoy for the Sp1 family, a group of transcription factors
implicated in the regulation of the expression of several genes relevant
to human pathologies.139 However, achieving stability against nucle-
ases was only partially successful, because the PNA-DNA-PNA
chimera remained susceptible to endonucleases.138 This issue could
be addressed by synthesizing the DNA duplex with PS internucleo-
side linkages.136,137

Alternatively, enhanced stability against both exo- and endonucleases
can be attained by integrating two adjacent LNA substitutions at the
double-stranded terminal ends of the TFDs (Figure 1), while preser-
ving their binding affinity for the target protein.135 On the contrary,
when paired LNAs are placed within the double strand containing
the binding motif, TFDs exhibit a decreased binding affinity for the
target. Even a single LNA substitution in a position that affects the
conformation of the protein binding sequence significantly dimin-
ishes the affinity for the transcription factor.135,140 Nonetheless,
LNAs can be strategically incorporated into one strand of the pro-
tein-binding sequence of TFDs to enhance nuclease stability. It is
crucial to meticulously select the position to ensure the retention of
affinity for the target. When comparing PNA-based TFDs to LNA-
based TFDs, the latter design is likely to be more advantageous due
to the greater solubility of LNAs and their simpler synthesis using
standard techniques.135,138–140

INTRACELLULAR DELIVERY OF TFDs IN BACTERIA
The antimicrobial activity of TFDs was first demonstrated by Marin-
Menendez et al.25 They used nanoplexes assembled by complexation
of hairpin TFDs (54-mer) and the cationic 12,120-(dodecane-1,12-
diyl)bis(9-amino-1,2,3,4tetrahydroacridinium) bolaamphiphile (12-
bis-THA) (Figure 1), to then target the SigH transcription factor in
C. difficile. In hamsters bearing intestinal C. difficile infection, a
dose of 2mg/kg of TFDs rescued the animals from the lethal infection,
whereas the scrambled oligonucleotide had no effect. However,
16 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
cationic bolaamphiphiles are potentially toxic to bacteria,85 which
may affect the selectivity of the antimicrobial drugs and interfere
with the commensal population in the bowel. In addition, these nano-
plexes exhibited mild cytotoxicity in Caco-2 cells, with an IC50 of
68 ± 2 mM.

In another work, the antimicrobial activity of a 59-mer hairpin TFD
targeting the ferric uptake regulator (FUR) transcription factor was
tested.134 In this case, cationic bolaamphiphile was replaced by solid
lipid nanoparticles (SLNs) (Figure 1) that inhibited the E. coli growth
(in vitro) at TFD concentrations ranging from 0.02–0.07 mg/mL, de-
pending on the SLN formulation. The scrambled TFD lacking the
FUR transcription factor binding site had no antimicrobial activity
confirming the specificity of the FUR TFD. SLN also provides protec-
tion to TFD against nucleases, which is beneficial for improving the
bioavailability of the cargos.134

Moreover, Hibbitts et al.87 demonstrated the therapeutic potential of
a 40-mer TFD targeting the WalR two-component transcription
regulator in S. aureus, a transcription factor controlling cell wall
metabolism, membrane composition, and resistance to vancomy-
cin.141,142 The TFD structure mimics the typical WalR binding sites
within the S. aureus lytM promoter consisting of two TGTAAT hex-
amers separated by five nucleotides.87 The presence of two repeated
hexamers is necessary for the recognition of the promoter and the
binding of theWalR transcription factor. In the absence of antibiotics,
the WalR TFD loaded on a cationic nanostructured lipid carrier
(cNLC) did not show significant antimicrobial activity against
MRSA; however, when TFD-loaded nanoparticles (0.125 mM TFD)
were coadministrated with a sub-MIC concentration of vancomycin
(0.6 mg/mL), the bacterial growth was reduced to 46% in relation to
the untreated control. The TFD-cNLC was also biocompatible
because it was noncytotoxic at the concentration used to inhibit the
bacteria growth, and the hemolytic activity was below 10%.

Although these findings illustrate the potential of TFDs as novel ther-
apeutic drugs against antibiotic-resistant bacteria, it is essential to
conduct proper experiments to verify the interaction between the
TFDs and the theoretical target, thereby validating the inhibitory
mechanism. For instance,Hibbitts et al.87 used aTFDdesigned to target
the WhiB7 transcription factor binding site inMycobacteria as a con-
trol to demonstrate the specificity of the WalR TFD. However, the
WhiB7TFD is shorter (30-mer)when compared to theWalRTFD.Us-
ing a scrambled TFDwould provide considerablymore reliable results.

DNAzymes
DNAzymes are catalytic DNA molecules that can act as specific RNA
endonucleases once they bind to the target RNA (Figure 4).58

Compared to ribozymes (catalytic RNA molecules), DNAzymes
have several advantages: they are easier to synthesize, less sensitive
to chemical and enzymatic degradation, more specific (which pre-
vents in vivo side effects), and nonimmunogenic.143,144 The 10–23
DNAzyme has been studied as a potential antimicrobial drug (Fig-
ure 1),144–148 and it consists of a 15-deoxyribonucleotide catalytic
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Figure 4. Inhibition of the mRNA translation through the DNAzyme cleavage mechanism

The DNAzyme arms bind to the target mRNA, and the catalytic core cleaves the PO linkage between adenine and uracil (AU) nucleosides hindering mRNA translation.

Afterward, the DNAzyme releases the cleaved mRNA molecule. (This figure was created with BioRender.com.).
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core (50-GGCTAGCTACAACGA-30) with two arms for substrate
recognition (7- to 12-mer each). This DNAzyme can cleave a specific
PO linkage between an unpaired purine (A, G) and a paired pyrimi-
dine (C, U) under physiological conditions.143

Chen et al.145 investigated the catalytic efficiency of two 10–23 DNA-
zymes (35-mer each), one (Dz1) targeting the start codon region
([�6; 19] position) and the other (Dz2) binding to a downstream po-
sition ([469; 494]) of the b-lactamase mRNA in an b-lactam-resistant
E. coli. Both DNAzymes reduced the b-lactamase activity, but the
start codon region was the least efficient inhibitory position (Dz1 =
27.2%–39.1% and Dz2 = 39.6%–44%). The results showed that the ef-
ficiency of DNAzymes in inhibiting gene expression and lowering
b-lactamase activity was dependent on the position of the target
sequence. This behavior is comparable to that observed with ASOs.
Aiming to increase the catalytic activity, the two DNAzymes were
fused to form a di-DNAzyme (Figure 1) consisting of two catalytic
cores. This di-DNAzyme showed a higher inhibitory effect (57.7%–

62.6%) than the two mono-DNAzymes. The increased catalytic effi-
ciency was due to the enhanced interaction between the di-enzyme
and the substrate, which resulted from the availability of two target
positions for binding. However, the long length (70-mer) of the di-
DNAzyme may prevent its internalization in bacteria. In fact, the
DNAzymes were delivered in vitro using electroporation, a method
that may be challenging to apply in vivo.
STRATEGIES TO ENHANCE DNAzyme RESISTANCE
AGAINST NUCLEASES
Even though DNAzymes are more resistant to degradation than ribo-
zymes, DNAzymes are still susceptible to nuclease degradation, like
any DNA molecule. To increase their stability, Hou et al.144,146 de-
signed two DNAzymes (34-mer each) with PS-modified arms that
target the mRNA of the b-lactam resistance genes blaR1 and mecR1
in S. aureus. EachDNAzymepartially restored the antimicrobial activ-
ity of oxacillin in a concentration-dependent manner (5–15 mg/mL).
Transcriptomic analysis confirmed the reduction of the target RNA,
demonstrating the specificity of the DNAzyme.146 However, complete
eradication of theb-lactam resistancewas only achieved by double tar-
geting the blaR1 andmecR1mRNAs, with bothDNAzymes at 10mg/L
each.147 Co-inhibition of blaR1 and mecR1 decreased the MIC
of oxacillin from 1,024 to 1 mg/L, whereas individually, the suscepti-
bility of MRSA to the antibiotic was only partially restored
(512 and 256 mg/L, respectively).

Despite having improved stability, PS-oligonucleotides are still highly
sensitive to nucleases and have lower binding affinities to RNA than
nonmodified DNA.59,149 In contrast, 20OMe and LNA incorporated
in the substrate recognition arms can increase the binding affinity
and nuclease resistance (Figure 1).149,150 Interestingly, the inclusion
of 20OMe in the catalytic core of DNAzymes can also improve the sta-
bility against nucleases, without compromising the folding of the
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 17
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catalytic loop. Nonetheless, it also leads to a 50% decrease in its activ-
ity in a cell-free system. Modification of the recognition arms with
LNA (also known as LNAzyme) accelerates the reaction kinetics of
DNAzymes in single turnover experiments due to the enhanced bind-
ing affinity to the target RNA.149 In multiple turnover conditions,
however, the catalytic activity is reduced, presumably, due to a slower
product release. To deal with this issue, a-L-LNA can replace the D-
isomer, thus lowering the hybridization energy and, consequently,
enhancing the product-DNAzyme dissociation.151 In cell line cul-
tures, LNAzymes have shown an inconsistent performance, because
their catalytic efficiency is greatly dependent on the cell type. This
observation cannot be attributed to the improper selection of the
binding site because ASOs targeting the same region in the mRNA
effectively downregulate gene expression.152 Jakobsen et al.153 also
observed that LNA-modified ASOs are more potent inhibitors of
gene expression than LNAzymes, but the catalytic oligonucleotides
were still effective in suppressing HIV-1 production in HEK 293T
cells. These findings indicate that LNAzymes are active in living cells;
however, they may require a more exhaustive selection of the binding
site in the tertiary structure to enhance the cleavage of the targeted
mRNA.151

INTRACELLULAR DELIVERY OF DNAzymes IN
BACTERIA
As briefly mentioned above, a common limitation of the studies
involving bacteria and DNAzymes is the use of electroporation to
internalize the catalytic oligonucleotides.144–147 To overcome
such a limitation, Li et al.148 combined a chemical membrane per-
meabilizer (isoniazid) with the DNAzymes to treat intracellular
M. tuberculosis infection. A PS-modified DNAzyme was designed
to downregulate the icl gene (coding the isocitrate lyase, a crucial
enzyme for M. tuberculosis metabolism in the latent state).
In vitro, M. tuberculosis-infected macrophages were treated with a
subinhibitory concentration of isoniazid (10 mg/L) to soften the bac-
teria envelope, allowing the internalization of DNAzymes (5 mM) or
the scrambled oligonucleotide. The icl protein expression only
decreased with the DNAzyme treatment as well as 63% of the bac-
teria burden. Interestingly, the mixture of the DNAzymes and isoni-
azid had no effect on M. tuberculosis grown in culture medium,
thereby showing that the icl gene is essential only for bacteria sur-
vival in infected macrophages.

Recently, Ran et al.154 engineered a construct based on DNA nano-
flower structures, prepared using the isothermal rolling circle ampli-
fication method.155,156 This construct involved the fusion of a DNA-
zyme targeting the mecR1 (mecA gene regulator)157 mRNA with an
anti-S. aureus aptamer, resulting in the formation of a DNA nano-
flower system.154 The DNAzyme-aptamer nanoflower was further
loaded with both zinc oxide (ZnO) nanoparticles and ampicillin
(particle size of 95 nm). The aptamer played a crucial role in
enhancing bacterial binding, whereas the ZnO nanoparticles func-
tioned to disrupt biofilms, thereby facilitating the penetration of
DNA nanoflowers and ampicillin into bacteria. The MIC of ampi-
cillin against MRSA decreased from 128 to 32 mg/mL, representing
18 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
a 4-fold reduction when loaded in ZnO/DNA nanoflowers.
The optimized formulation, consisting of 32 mg/mL ampicillin,
4 mg/mL ZnO, and 100 mg/mL DNA nanoflowers, effectively in-
hibited 98% of bacteria in biofilm form, underscoring its potent
antimicrobial activity. It is noteworthy, however, that the control
group, comprising ampicillin and ZnO nanoparticles, still contrib-
uted significantly, with 80% of the antimicrobial potency. Notably,
the DNAzyme acted as an additional adjuvant to ampicillin in
enhancing the antimicrobial activity. Using an eye drop delivery sys-
tem, the ZnO/ampicillin/DNA nanoflower construct was adminis-
tered to rabbits with MRSA keratitis. Remarkably, it proved effective
in treating the infection within a 12-day period. Moreover, in vitro
studies demonstrated negligible toxicity in human corneal epithelial
cells, and local toxicity tests conducted on rabbit eyes revealed no
adverse effects.154

As discussed previously, the delivery of large oligonucleotides into
bacteria continues to pose a significant obstacle to the development
of effective oligonucleotide drugs. The ability of nanocarriers to inter-
nalize longer than 30-mer oligonucleotides in different bacteria was
not extensively demonstrated despite some achievements in vitro us-
ing lipid vesicles and cationic bolaamphiphiles.25,42,87,134,158 Fortu-
nately, LNAzymes have been investigated, holding shorter substrate
recognition arms that allow shortening the overall oligonucleotide
length.149,151

CONCLUSIONS
Antimicrobial nucleic acids are an emerging class of drugs with the
potential to combat AMR infections. Depending on their mechanism
of action, these nucleic acids are designed with specific structures us-
ing a selection of nucleic acid analogs. However, some approaches are
more promising than others, due to higher biological stability or
simpler design. In this regard, ASOs are the most promising antimi-
crobial drugs because they offer good in vivo stability and have a rela-
tively simple design. TFDs are potential alternatives to ASOs,
although the process of identifying nucleic acid sequences that can
bind to bacterial transcription factors with high affinity and specificity
is complex and time-consuming. DNAzymes, in theory, can inhibit
gene expression at a lower dose than ASOs since a single molecule
can cleave many RNA targets in multiple turnover conditions. How-
ever, delivering functional DNAzymes into bacteria remains a chal-
lenging problem to solve.

Despite the fact that TFDs have also shown activity in vivo,25 ASOs
have been more frequently demonstrated to exhibit antimicrobial ac-
tivity in vitro and in animal models.15,16,18,24,36,38,41,82,83,94,95 ASOs
exhibit significant heterogeneity in design, including variation in
length, sequence, and chemical structure. PNA and PMO analogs
are generally the most effective at downregulating the expression of
essential genes in both Gram-negative and Gram-positive bacteria.
Charge-neutral oligomers have good stability against nucleases and
can be designed to target regulatory sequences in mRNA and steri-
cally block the assembly of the ribosomal apparatus. CPPs are used
to deliver these antisense oligomers, and their effectiveness is
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influenced by the ability of CPPs to deliver the oligomers to the
cytosol. Therefore, the CPPs, in conjunction with the oligomer,
modulate the selectivity of these antisense drugs.

Anionic oligonucleotides are often loaded in cationic lipid vectors.
The positive charge of the lipid vectors has a dual function, facilitating
efficient entrapment of the anionic ASOs and increasing the affinity of
the constructs against both Gram-negative and Gram-positive bacte-
ria.72 However, cationic lipid vectors are known to induce toxic
events,159–161 necessitating the use of ASOs with high inhibitory po-
tency to maintain the nanocarrier at biocompatible doses. Thus, it is
crucial to select the most sensitive sequences in the mRNA to maxi-
mize the antisense inhibitory effect. In addition, recruiting the RNase
H activity is desirable to increase the likelihood of effectively blocking
the translation of the target mRNA. Due to their high efficiency in in-
hibiting RNA translation and improved biological stability, LNA-
modified gapmers are potentially promising ASOs to combine with
cationic lipid vectors. However, various delivery systems have been
recently introduced as alternatives to cationic vectors. These include
DNA nanostructures,27,119 Zn-based nanomaterials,130,154 gold nano-
particles,129 GO/alginate hydrogel,126 and a glucose polymer that
mimics the Trojan horse antibiotic strategy.116 Despite the improved
selectivity of these recent delivery strategies against bacteria rather
than mammalian cells (which, in turn, can contribute to reducing
toxicity), other components in the formulations exhibited significant
and nonspecific antimicrobial activity. Therefore, comprehensive
studies are required to better characterize these novel delivery strate-
gies and properly evaluate their in vivo stability, pharmacokinetics,
and pharmacodynamics.

TFDs are promising in inhibiting the expression of both essential and
antibiotic-resistant genes at low oligonucleotide concentrations. This,
in turn, allows for the administration of noncytotoxic doses of
cationic vectors. However, the effectiveness of TFDs in controlling
bacterial infections in animal models was poorly demonstrated, mak-
ing it difficult to determine their overall effectiveness in vivo. Indeed,
in vitro studies remain inconclusive concerning the inhibitory mech-
anism, primarily due to a lack of comprehensive research. This serves
as an additional limitation that hinders the advancement of TFDs as
effective antimicrobial agents.

DNAzymes can catalyze the cleavage of RNA on their own as demon-
strated in cell-free experiments and in bacteria that have been per-
meabilized by electroporation.144–147 Despite their potential, DNA-
zymes face several challenges in vivo that may prevent them from
achieving their goals. One such challenge is the long length of the
oligonucleotide, which makes delivery to bacteria difficult. Another
issue is the compatibility of DNAzymes with nucleic acid analogs. De-
pending on the type and position of insertion, these analogs can
compromise the folding of the catalytic loop or slow down catalytic
activity. Finally, selecting target sequences can be complex due to
the limited availability of sterically unimpeded stretches in RNAs.
Due to these constraints, DNAzymes are still far from in vivo
applications.
It is unclear whether antimicrobial nucleic acids drugs will be effective
against mutations that prevent the interaction of nanocarriers with
bacteria or inactivate the functions of nucleic acids. If a mutation af-
fects the ability of nanocarriers to bind or permeabilize bacteria, then
redesigning the nucleic acids-nanocarrier constructs will be neces-
sary. To anticipate this issue, it may be necessary to design nucleic
acids drugs using different nanocarriers. In contrast, if a point muta-
tion prevents antimicrobial nucleic acids from binding to the target,
then the oligonucleotide sequence can be easily redesigned to restore
inhibitory activity against the mutant bacteria. To assess the impact of
mutations on the effectiveness of antimicrobial nucleic acids, studies
that evaluate how these exogenous molecules and nanocarriers can
trigger resilient mechanisms in bacteria will become crucial sooner
rather than later.

There may be potential side effects associated with the administration
of cationic vectors and the unspecific interactions of nucleic acids in
the cytoplasm of human cells, which could cause toxicity. Specifically,
cationic vectors have been shown to exhibit dose-dependent cytotox-
icity and hemolytic activity, requiring proper dosage to control
potential side effects.99,100,158 To improve selectivity and minimize
off-target accumulation in tissues, the constructs can be modified
by adding polymers and targeting ligands.71,162–164 Nucleic acids
with excessive affinity may hybridize with off-target RNAs, inter-
fering with the normal cell metabolism.60,61 To prevent nonspecific
binding, the melting temperature of antimicrobial nucleic acids
must be carefully adjusted and kept as low as possible. However, tests
must be run to verify the specificity of the antimicrobial nucleic acids.
This includes in silico analysis to screen for potential off-target inter-
actions, and microarrays or qRT-PCR to evaluate the expression
levels of off-target genes.165 In addition, the translation levels of
RNAs can be analyzed using western blotting.61

Despite the many developments in therapeutic nucleic acids for treat-
ing bacterial infections, this field is still in its infancy. The progress of
antimicrobial nucleic acids in medicine is being hindered by the lack
of comprehensive studies in animal models and humans demon-
strating the effectiveness and biocompatibility of these treatments.
Nonetheless, oligonucleotide drugs for treating chronic diseases are
already available on the market, as well as nucleic acid-based vaccines
to protect against infectious diseases such as severe acute respiratory
syndrome-coronavirus-2. The success of these innovative medicines
is expected to enhance confidence in nucleic acid–based drugs, which
in turn may increase the attractiveness of the antimicrobial nucleic
acids to new investors and researchers.

In the field of antimicrobial drugs, ASOs constructed from PNA or
PMO and coupled with CPPs have proven to be the most promising
nucleic acid–based candidates. They have undergone extensive vali-
dation in numerous in vitro models and, albeit less frequently, in an-
imal models. Given that PMO has already received approval for the
treatment of chronic diseases, PMO-CPP conjugates appear to be
the most suitable candidates for achieving rapid progress in this field.
Nevertheless, from our perspective, there is an opportunity to
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enhance the versatility of this technology further by refining the
design to facilitate precise adjustments of the characteristics of the
constructs. Moreover, incorporating mechanisms for recruiting
RNase H holds the potential to significantly augment the effectiveness
of these antimicrobial drugs. In this context, LNA mixmers and LNA
gapmers stand out as promising candidates in the pursuit of novel
antimicrobial agents. It is important to highlight that linear CPP-
ASO can also be enclosed within delivery systems that offer superior
pharmacokinetic profiles compared to standalone CPP-ASO. Lipo-
somes, for instance, with their extensive surface area, have the capac-
ity to accommodate polymers and targeting ligands, thereby enabling
the modulation of biodistribution, selectivity, and toxicity.
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