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The rise in antimicrobial resistance and the consequent ineffectiveness of conventional antibiotics emphasise the
need for novel therapeutic strategies. Antisense nucleic acid mimics (NAMs) are emerging as promising precision
therapeutic agents, inhibiting specific genes through hybridisation with selected nucleic acid targets. However,
delivering NAMs into bacteria remains a significant challenge. This study explores the use of poly(amidoamine)
(PAMAM) amphiphilic dendrimers (ADs) as delivery vehicles for NAMs targeting the essential acpP gene in
Escherichia coli. Two ADs bearing primary amine or tertiary amine terminals, 1a and 1b, were tested for their
ability to permeabilise the bacterial envelope, facilitate NAM internalisation, and enhance NAM-based anti-
bacterial activity. Physicochemical characterisation studies, flow cytometry measurements, fluorescence and
electron microscopy imaging, bacterial viability assays, and an in vivo toxicity assessment using a greater wax
moth (Galleria mellonella) model were conducted. Both ADs acted as permeabilisers of the bacterial envelope and
assisted in NAM internalisation and antibacterial activity. The most effective formulation, 1b combined with the
peptide nucleic acid (PNA)-based NAM, achieved an 8 log( reduction in viable bacteria, with sustained activity
up to 24 h against E. coli. In vivo, the most promising formulations showed no toxicity, with G. mellonella larvae
maintaining overall health and no significant mortality detected for up to three days. These findings demonstrate
that amphiphilic dendrimers can effectively deliver PNA-based NAMs, highlighting their potential as a novel
strategy against antimicrobial-resistant pathogens.

1. Introduction

Antimicrobial resistance (AMR) is among the most pressing public
health challenges of our time, with current estimates indicating it will be
associated with 8.22 million annual deaths globally by 2050 if alterna-
tives to existing antibiotics are not developed [1-3]. Although Escher-
ichia coli is a common and generally harmless member of the gut
microbiota, its pathogenic strains have a predominant role in urinary
tract infections, foodborne illnesses and bacteremia [4]. This Gram-
negative bacterium is one of the ESKAPE pathogens (which groups

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Aci-
netobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.)
recognised for their high prevalence of AMR [5]. It has also been
included in the latest World Health Organisation (WHO) priority path-
ogens list, due to its cephalosporin-resistant variants and clinical sig-
nificance, having been responsible for almost 1 million deaths
worldwide in 2019 [3,5-7]. Additionally, E. coli has been reported to
easily acquire resistance genes through horizontal gene transfer [8],
exacerbating the challenge of treating multidrug-resistant infections.
Therefore, developing novel antibacterial compounds and strategies
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against pathogenic E. coli is a critical priority.

Oligonucleotides based on nucleic acid mimics (NAMs) can become
an alternative to traditional antibiotics due to their capability to target a
selected coding messenger RNA (mRNA) and, via hybridisation and
steric blocking, inhibit its translation in an effective and specific manner
[9-12]. By inhibiting the expression of essential genes present in the
bacterial cytosol, NAMs can ultimately lead to bacterial death. Several
essential genes have been studied as possible targets [13], including the
acpP gene, which encodes a protein involved in fatty acid biosynthesis,
and is widely established as a target in antisense strategies in E. coli
[13-15]. To increase biostability and promote interaction with the
target, a variety of NAM chemistries have been developed. Among them,
peptide nucleic acid (PNA) is one of the most extensively studied,
providing a neutral pseudo-peptide backbone to the antisense sequence.
The neutral scaffold minimises electrostatic repulsion in the resulting
PNA:RNA hybrids, enhancing their stability and reducing sensitivity to
salt concentrations, thereby broadening their functional range [16,17].
Alternatively, chemistries with modified ribose entities, such as 2’-O-
methyl RNA (2°0-Me) or locked nucleic acid (LNA), carry a negatively
charged phosphate backbone similar to that of RNA. 2°0-Me involves
the addition of a methyl group at the 2’ carbon of the ribose moiety and
has gained popularity as it provides stability against nucleases. LNA
presents a restricted conformation due to a methylene bridge connecting
the 2’ oxygen and the 4’ carbon, and is known for its high binding affinity
to the RNA targets. When combined, they allow the synthesis of a variety
of NAMs which can be fine-tuned with regard to binding affinity and
rigidity, optimising the NAM’s hybridisation properties [18-20]. Unlike
traditional antibiotics that often affect both harmful and beneficial
bacteria, NAMs offer a high degree of specificity, minimising off-target
effects and reducing the likelihood of resistance development [12,21].
However, the potential of NAMs has so far been hindered by their
inability to cross the multi-layered bacterial envelopes [11,12]. While
our group has shown that fusogenic liposomes are promising for NAM
delivery across this barrier [22,23], recent work suggests that even
higher delivery efficiencies are required to reliably treat infections
[23,24].

Amphiphilic dendrimers (ADs), also known as lipid-dendrimer hy-
brids, are a family of synthetic amphiphiles characterised by their
chimaeric nature. They are composed of a hydrophobic entity and a
highly branched hydrophilic dendron that resembles the shape of a
dendrite (a tree-like structure). They were originally inspired by both
lipids and traditional dendrimers to capitalise on the advantages of both,
such as self-assembly and multivalent cooperativity, while overcoming
some of their limitations, such as the complex synthesis and associated
toxicity [25-28]. Their amphiphilic nature allows for self-assembly into
supramolecular nanomicelles which are expectedly smaller than lipo-
somes [29-32]. Additionally, ADs can carry cationic groups, such as
primary amines, tertiary amines or guanidines, due to their surface
modification potential. These groups increase the overall positive charge
and can potentiate electrostatic interaction with the negatively charged
bacterial envelopes, in particular, the outer membrane of Gram-negative
bacteria [32]. Some of these ADs have already been proposed for the
delivery in eukaryotic cells of small interfering RNA (siRNA) for gene
silencing [27,28,30,31,33-37] and, to a lesser degree, mRNA and DNA
for gene modulation [28,37]. While multiple AD designs can be
explored, those currently found in the literature have consistently shown
successful complexation with nucleic acid molecules via electrostatic
coupling alongside hydrophobic interactions. Besides having shown
efficient siRNA delivery and effective gene silencing, they were
accompanied by low toxicity and immunogenicity in vivo [27,28].
Beyond gene therapy, ADs have also been employed for the delivery of
anticancer drugs [29,38,39], for bioimaging purposes [40-43], and as
antibacterials [32,44,45]. However, there have been no reports on the
use of ADs as carriers to deliver NAMs as therapeutics against patho-
genic bacteria.

In this study, two amphiphilic dendrimers, la and 1b, were
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employed for the delivery of antisense NAMs in E. coli (Fig. 1). The
selected ADs are composed of a long hydrophobic alkyl chain and a
hydrophilic poly(amidoamine) (PAMAM) dendron, differing only in
their terminal functionalities: while 1a carries primary amines as ter-
minal groups, 1b bears tertiary amine terminals (Fig. 1A). Both ADs have
been studied for their ability to efficiently deliver siRNA in mammalian
cells [30,31,33] and were recently reported to have antibacterial ac-
tivity [32,44,45]. Two NAM-based oligos, an LNA/2'0O-Me chimaera and
a PNA-based sequence, were selected for this proof of concept.
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Fig. 1. (A) Chemical structure of the amphiphilic dendrimers used in this
study. The ADs 1a and 1b differ only in their functionalisation, with their ter-
minal groups being primary or tertiary amines, respectively. Adapted from
Dhumal et al. [31] (B) Nucleic acid mimic chemistries used in this study (PNA,
2'0-Me and LNA) when compared to the native nucleic acids (DNA and RNA).
(C) Alignment of an initial portion of the acpP gene (and the 15 previous nu-
cleotides) in two fully sequenced E. coli strains, with the identification of the
selected target.
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Regardless of chemistry (Fig. 1B), these NAMs targeted the essential
acpP gene in E. coli (Fig. 1C). First, the ADs and their combination with
NAMs were characterised regarding size, zeta potential and loading ef-
ficiency. Second, the intrinsic antibacterial activity of the ADs was
characterised and their mechanism of action was studied in order to
enlighten their function as a delivery vector. Third, AD-assisted NAM
internalisation and the resulting antibacterial activity were evaluated in
vitro. Lastly, the most promising formulations were evaluated regarding
their toxicity, using a Galleria mellonella in vivo model.

2. Results and discussion
2.1. Characterisation of ADs and AD-NAMs

A comprehensive physicochemical characterisation of the ADs and
AD-NAM formulations was conducted. Transmission electron micro-
scopy (TEM), electrophoretic light scattering (ELS), and size exclusion
chromatography (SEC) were used to respectively assess their size, zeta
potential, and loading efficiency (Table 1).

All formulations presented micellar structures (Fig. 2 and Fig. A.1 in
Supplementary Data) with sizes in the nanometer range, consistent with
previous reports for the ADs alone [31,32]. While, through visual in-
spection, some larger micelles were found (> 50 nm), all formulations
presented the bulk of particles in the 5-30 nm range (Table 1 and Fig.
A.2 in Supplementary Data).

Regarding colloidal stability (Table 1), the zeta potential of the ADs
alone indicated moderate stability (10 to 30 mV) in solution. Addi-
tionally, it revealed an associated net positive charge (> 0 mV), as ex-
pected for amine-functionalised compounds. With 1b presenting a lower
value than 1a, these results are consistent with what has been previously
reported in the literature [31,32]. When combined with the PNA-based
NAMs, the formulations maintained a net positive charge (> 0 mV).
Notably, for both 1a and 1b, adding PNA-based NAMs led the zeta po-
tential to converge towards 20 to 22 mV, maintaining appropriate
colloidal stability. Additionally, the estimated loading efficiencies
(Table 1) indicate a high level of interaction between ADs and the PNA-
based NAM. This association is maintained over time, with a slight but
non-significant drop verified at 24 h (Fig. A.4 A in Supplementary Data).
This behaviour is consistent with the aforementioned stability. Alter-
natively, when combined with the LNA-based NAMs, the formulations
presented a net negative charge (< 0 mV), agreeing with the addition of
the negatively charged compound. However, both formulations pre-
sented a low magnitude of potential (0 to + 10 mV), indicating reduced
stability. Notably, when assessing the formulations with Cy3-labelled

Table 1
Characterisation of the ADs and AD-NAMs used in this study.

ID Particle size® [nm] Zeta potential® [mV] Loading efficiency® [%]
la 14+74 201+13 n/a‘

la-LNA 14+8.9 —92+03 n/q®

la-PNA 11+58 222+11 59.8+10.8
1b 13+£8.1 12.0+0.8 n/a‘

1b-LNA 12+7.3 —-57+13 n/q®

1b-PNA 12+6.3 20.5+1.0 71.0+0.9

# Particle size refers to the obtained Feret diameter measurements. The mean and
standard deviation are presented for particles detected through semi-automated
segmentation using twelve images (minimum) per formulation.

b The mean and standard deviation of three repeated measurements (minimum)
are presented.

¢ The mean and standard deviation of three independent experiments are pre-
sented.

4 n/a: Not applicable.

¢1n/q: Not quantified. As AD-NAM precipitation was detected and its attachment
to the microtube surface was verified, estimated values for LNA-based formu-
lations based on SEC are heavily skewed, not allowing a representative
quantification.
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Fig. 2. Transmission electron micrographs of the complexes formed by the AD
la with the LNA-based NAM (LNA), as an example of the obtained structures.
The micrograph on the right corresponds to a zoomed-in view of the area
highlighted in the image to its left. Outlines in blue indicate the boundaries of
the particles, as detected through semi-automated segmentation. Micrographs
for all ADs and AD-NAMs are available in Fig. A.1 in Supplementary Data. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

LNA-based NAMs, the accumulation of a gel-like precipitate was
observed at the bottom and on the walls of the microtubes (Fig. A.5 in
Supplementary Data). This observation further supported the zeta po-
tential results, demonstrating unfavourable colloidal stability. While
this behaviour is in line with low zeta potential systems (0 to + 10 mV),
it severely impacted the loading efficiency estimates, as these are
dependent on having both complexed and free NAMs in solution. The
LNA-based AD-NAM complexes likely aggregate and eventually pre-
cipitate, and are therefore not quantifiable through this method. Even
though it was not possible to quantify this complexation, the steep drop
of total fluorescence in the LNA-based AD-NAM solutions during the first
hours of incubation (Fig. A.4D in Supplementary Data) allied to the
presence of virtually only free LNA in solution (Fig. A.4B in Supple-
mentary Data), suggest a substantial level of complexation between the
ADs and the LNA-based sequence.

2.2. Determination of the sub-lethal dose of the ADs

An intrinsic antibacterial effect against E. coli was expected for both
ADs [32,44,45]. However, to take full advantage of the AD-mediated
NAM delivery strategy, it was necessary to select a sub-lethal concen-
tration of the ADs at which they can primarily assist as delivery vectors
rather than act as antibacterials.

To do so, traditional microdilution-based methods were used to
determine the minimal inhibitory concentration (MIC) leading to a
reduction of at least 80 % in growth (MICg). Both ADs resulted in MICgq
values of 18.8 pM (Fig. 3A and Fig. A.6 A in Supplementary Data). The
minimum bactericidal concentration (MBC) was determined as 2 x
MICgy, i.e., 37.5 pM for both ADs (Fig. 3A). Previous studies reported
lower MICsq values, namely 3.1 and 2.8 uM against E. coli for 1a and 1b,
respectively [32,44]. These differences are possibly due to variations in
the protocol such as the use of different target strains, media, reporting
levels, or initial bacterial concentrations. For confirmation, an evalua-
tion on the impact of media (LB vs MHB) and reporting levels (MICg Vs
MICsg) in MIC values was conducted, and the obtained data corrobo-
rated this hypothesis (Fig. A.7 in Supplementary Data).

To examine the range of activity of the ADs, a similar assessment was
performed for B. subtilis and S. epidermidis (Fig. A.8 in Supplementary
Data). When compared to the results for E. coli, the MICg, was higher for
S. epidermidis (37.5 pM for 1a and 75.0 pM for 1b) and equal or lower for
B. subtilis (18.8 pM for 1a and 9.4 pM for 1b). These results demonstrate
the inherent variability in AD activity across different bacterial species,
without an apparent correlation to Gram type. This activity is likely
species-dependent as a result of envelope variability, as ADs have been
reported to target phosphatidylglycerol and cardiolipin [44].
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Fig. 3. Evaluation of the inhibitory effect of the amphiphilic dendrimers. (A) Minimum inhibitory and bactericidal concentrations (MICgy and MBC, respectively) in
E. coli ATCC 25922 for both ADs in study. The individual values and the median of three independent experiments are presented. (B) Time-kill kinetics of 1a and 1b at
MICgo and sub-MICg, concentrations for 24 h, when compared with normal E. coli growth (UnEC). The mean and standard deviation of three independent exper-
iments are presented. The dotted line indicates the method’s detection limit (2 log;o CFU/mL). The determined MICs (18.8 uM for both 1a and 1b) ensure the impact
of the ADs in the E. coli population and were therefore selected for subsequent experiments.

Additionally, the envelope of bacteria from the Staphylococcus genus is
generally harder to translocate, as verified in applications such as
traditional FISH and liposome-assisted delivery [24,46,47].

To further assess the effect of the ADs in an E. coli population over
time (Fig. 3B), bacterial colony forming units were quantified over 24 h
of incubation at MICgy and sub-MICg, concentrations (18.8 pM and 9.4
pM, respectively). Observable reductions were obtained only at MICgg
concentrations, with 1b showing a more pronounced activity (after 6 h
of incubation, 1.9 + 1.3 log;( reduction for 1a vs 5.6 + 1.9 for 1b). In
fact, when considering the 24 h of incubation, a significant bacterial
reduction was only detected for 1b at MIC (Fig. A.6B in Supplementary
Data). Additionally, the time-kill curves revealed an initial bacterial load
reduction, lasting up to 6 h, followed by a recovery in the growth of
E. coli. These results indicate a bactericidal behaviour with a dwell time
in the hour range. The recovery may be a direct consequence of the
mechanism of action underlying the ADs’ antibacterial activity, as
recent findings indicate they interact with and disrupt the bacterial
membrane [32,44,48]. If this interaction is maintained with dead cells
and/or membrane components, their repeated action is limited and will
not reach the remaining bacterial population. Alternatively, recovery
could stem from bacterial membrane repair mechanisms [49-52] or the
survival of a subpopulation less affected by the ADs, a phenomenon
commonly observed in bacterial stress responses [53-57].

The determined MICs (18.8 pM for both 1a and 1b) ensure the impact
of the ADs in the bacterial population (detectable through turbidity and
colony counts) and remain at a sub-lethal level, providing a considerable
margin to detect changes in antibacterial activity when employing the
ADs as delivery vectors. These concentrations were therefore selected
for subsequent experiments.

2.3. AD-promoted membrane permeabilisation

The ADs’ permeabilisation of E. coli’s bacterial envelope was
assessed using flow cytometry (FC) and TEM, to improve our under-
standing of their mechanism of action.

First, propidium iodide (PI) was used to stain E. coli cells in order to
quantify the level of membrane permeabilisation using FC. PI is a fluo-
rescent molecule which can easily enter permeabilised membranes and
bind to DNA emitting red fluorescence, allowing the distinction of these
two populations (intact vs permeabilised) [58,59]. In the PI staining
experiments, untreated E. coli (UnEC) was used as the negative control,
whereas two treatments were used as positive controls: i) polymyxin
(Poly), an antibiotic that acts on Gram-negative membranes [60,61];

and ii) ethanol (EtOH), a common permeabiliser in microbiology pro-
tocols [62]. As expected, the negative control resulted in minor staining
(11 + 2.5 % for UnEC) while the positive controls led to near total
staining of the bacterial population (92 + 6.9 % for polymyxin and 96 +
5.2 % for ethanol) (Fig. 4A), with the corresponding histograms,
showing high-intensity PI-stained populations (Fig. 4B). Incubating the
ADs with E. coli for 15 min at their MICg resulted in increased bacterial
permeabilisation when compared with untreated E. coli (Fig. 4). Inter-
estingly, 1b led to a higher percentage of PI-stained cells (82 + 3.3 %)
when compared to 1a (45 + 0.87 %) (Fig. 4A). This difference in per-
meabilisation observed for 1a and 1b highlights the role of surface
functionalisation. The tertiary amine terminals in 1b present not only a
strong tendency for protonation but also a higher lipophilicity than the
primary amines located at the surface of 1a, potentially increasing the
interaction with the overall negatively charged bacterial envelope and
leading to enhanced permeabilisation. The balancing of these results
with the ADs’ zeta potentials (Table 1) further highlights the importance
of lipophilicity, as the overall charge alone was not the decisive factor
for this behaviour.

To further investigate the interaction of the ADs with the bacterial
envelope, TEM was used to visually inspect E. coli upon incubation with
la and 1b. The treatment with polymyxin was used as the positive
control. In Figs. 5B-C, the micrographs show prominent AD-induced
changes to the bacterial structure and/or its surroundings. These re-
sults contrast those of untreated bacteria (Fig. 5A) which, as expected,
have a consistently dense cytosol and present a well-defined and intact
cell envelope (outer membrane, cell wall and plasma membrane). While
no obvious changes seemed to be caused by 1a to the bacterial envelope
(Fig. 5B), an accumulation of high electronic density material is
observed in the field of view, mainly near bacteria. These agglomerates
might correspond to i) the debris of dead cells or ii) the supramolecular
structures formed by the ADs in solution, especially at high local con-
centrations promoted through electrostatic interactions with bacteria.
This second hypothesis is supported by the visualisation of the ADs alone
at a high concentration (2 mM) which revealed similar agglomerates
(Fig. A.9 in Supplementary Data). In Fig. 5C, portraying 1b-treated
E. coli, changes in the bacterial envelope are evident. While some bac-
teria still appear intact, a considerable portion of the observed cells
revealed the lack of an outer membrane accompanied by a fuzzy
appearance at the expected envelope location. This closely matches the
disruption of the outer membrane verified for polymyxin-treated E. coli
(Fig. 5D). The increased disruption caused by 1b (over 1a) is coherent
with their overall antibacterial effect (Fig. 3B) as well as their effect on
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Fig. 4. Flow cytometry for the evaluation of membrane permeabilisation. (A) The percentage of PI-stained E. coli ATCC 25922 cells after incubation with the ADs (1a
or 1b) for 15 min is presented; E. coli cells incubated with polymyxin (Poly) or previously permeabilised with ethanol (EtOH) were used as positive controls; un-
treated E. coli (UnEC) was used as a negative control. The mean and standard deviation of three independent experiments are presented. Statistical differences, in
comparison to untreated E. coli (background in grey) and determined via one-way ANOVA, are indicated when appropriate in * (p < 0.0001, ****). (B) A repre-
sentative histogram overlay is presented, illustrating the fluorescence intensity profiles of the selected conditions. The vertical gate for PI internalisation was defined

at 10* arbitrary fluorescence units (AFU), as demonstrated by the vertical line. Both ADs led to significant bacterial permeabilisation, with 1b leading to a higher
percentage of Pl-stained cells than 1a.
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Fig. 5. Transmission electron micrographs of E. coli ATCC 25922 cells: (A) untreated bacteria (UnEC); bacteria treated with (B) 1a or (C) 1b (at MICg) for 2 h; (D)
polymyxin (Poly) was used as a positive control, leading to complete disruption of the bacterial outer membrane. Each micrograph in the bottom row corresponds to
a zoomed-in view of the area highlighted in the image directly above it. Coloured arrows indicate the intact bacterial envelope (in yellow), no distinct outer
membrane accompanied by fuzziness at the envelope (in red), and high electronic density material accumulated in the focal plane (in green). AD-induced changes to

the bacterial structure and/or its surroundings corroborate their role as envelope permeabilisers. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

membrane integrity as determined via FC (Fig. 4). Interestingly, the
presence of nearby agglomerates was less common for bacteria exposed
to 1b than for 1a-treated bacteria. It has been proposed that AD micelles
disassemble while penetrating the bacterial envelope [32,44]. The
increased activity, membrane permeabilisation and reduction of visible
agglomerates for samples of E. coli exposed to 1b support this proposed
mechanism. These results also reveal the nuanced nature of comparing
compounds through MIC. Despite presenting similar MIC values, there is
a clear discrepancy between the ADs’ action as envelope permeabilisers,
already glimpsed through their activity over time (Fig. 3B). This contrast

between MIC and permeabilisation could be mainly attributed to i) the
sensitivity and threshold effect of the MIC determination method, and ii)
time dependency and assay nature, given that MICs are determined after
24 h of exposure, while permeabilisation was evaluated after only 15
min or 2 h of incubation, for FC and TEM respectively.

Collectively, both FC and TEM imaging results indicate the partial
permeabilisation of the bacterial envelope caused by the ADs.
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2.4. AD-assisted NAM internalisation

The next step was to assess whether the AD-promoted per-
meabilisation would potentiate the internalisation of NAMs when
applied as a combined formulation (AD-NAMs). To achieve this, the
LNA- and PNA-based NAMs targeting the acpP gene were labelled with
the fluorophore Cy3. FC and epifluorescence microscopy were used to
evaluate the internalisation in E. coli of the Cy3-labelled NAMs when
complexed with each of the ADs (Figs. 6 and 7, respectively). The results
were compared with free NAMs as well as PNA conjugated to the cell-
penetrating peptide (KFF)sK (named as POC hereafter), a conjugate
known to successfully transport NAMs and inhibit bacterial growth [14].

The FC-based quantification of Cy3-stained cells (Fig. 6A) revealed
both ADs led to significant NAM internalisation, particularly for LNA-
based NAMs. As expected, the NAMs alone stained a residual fraction
of the E. coli population (up to 3.4 + 3.5 % cells for PNA), while the
peptide-NAM conjugate resulted in a near complete staining (95 + 3.3 %
cells for POC). In general, 1a was more successful (90 + 15 % cells for
1a-LNA) than 1b (50 & 22 % cells for 1b-LNA) as an assistant of NAM
internalisation, while LNA showed superior internalisation when
compared to PNA (54 + 25 % cells for 1a-PNA and 20 + 3.5 % cells for
1b-PNA). Notably, both NAM chemistry and ADs were considered sig-
nificant factors, with the ADs accounting for over 40 % of variation in
NAM internalisation (Fig. A.10 and Table A.1 in Supplementary Data).

The FC spectra were further analysed by calculating the median of
orange fluorescence obtained for each sample (Fig. 6B). As expected, the
samples which led to statistically improved bacterial staining in Fig. 6A
revealed a median above 4 log arbitrary fluorescence units (AFU). This
value was selected as the threshold for Cy3 internalisation as it corre-
sponds to the maximum detected fluorescence for UnEC. Interestingly, it
also allowed the distinction between two groups above this threshold:
lower intensity, verified for 1b-LNA and 1a-PNA (up to 5 log;9 AFU), and
higher intensity, verified for 1a-LNA and POC (above 5 log;g AFU). This
denotes a variation in fluorescent intensity of approximately tenfold,
which is presumed to be noticeable when imaging these samples
through a fluorescent microscope.

Fluorescence microscopy (Fig. 7) showed the untreated bacteria
(UnEC) stained blue corresponding to the DAPI counterstain,
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demonstrating the presence of E. coli. Similarly, the samples for LNA,
PNA and 1b-PNA showed only blue-stained cells, indicating the reduced
internalisation of the labelled NAMs in E. coli. As predicted from Fig. 6B,
1a-PNA and 1b-LNA presented a low level of Cy3 staining (orange),
which results in a purple hue when combined with the DAPI counter-
stain. The samples with the highest Cy3 intensity (1a-LNA and POC)
presented strongly pink-stained cells, highlighting the increased NAM
internalisation. These images corroborate the results obtained via FC
(Fig. 6).

Overall, LNA-based formulations presented higher internalisation
when compared to their PNA counterparts. Electrostatic and other forces
predictably play a role in these events, both within the AD-NAM com-
plexes and when reaching the bacterial envelope. So far, most ap-
proaches to enhance NAM bacterial uptake have been based on the
conjugation of PNA with carriers (e.g., cell-penetrating peptides or
vitamin B12) [63]. As such, the role of charge in AD-NAM complexation
and activity remains unclear; however, some inferences can be made.
Negatively charged sequences, such as the LNA/2’OMe chimaera, likely
interact more strongly, through electrostatic interactions, with the
cationic ADs than neutrally charged sequences. The substantial reduc-
tion of labelled NAMs in solution, verified for LNA-based formulations,
is consistent with a high level of complexation (Figs. A.4D and A.5 in
Supplementary Data). This inference is reinforced by the parallel with
anionic siRNA, which has been successfully complexed with these ADs
for delivery in mammalian cells [28,30,31,33,35]. Nonetheless, the
neutral PNA-based sequence successfully associates with the ADs, with
moderate to high loading efficiencies (Table 1 and Fig. A.4 A in Sup-
plementary Data). This interaction is likely driven by hydrogen bonds,
hydrophobic and van der Waals forces, of a weaker nature [64-66].
Besides AD-NAM interaction, NAM binding affinity with the target RNA
sequence is also relevant. While LNA-based sequences have been sug-
gested to provide higher affinities than those with PNA, this conjecture
has not yet been fully established [67,68]. Additionally, the precipita-
tion witnessed for LNA-based complexes adds a layer of complexity to
the interpretation of these results. The process of complex formation,
aggregation and precipitation is predictably ongoing during the first few
hours of contact with bacteria, as detected in solution free of bacteria
(Fig. A.4D in Supplementary Data). With this phenomenon, a lower
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Fig. 6. Flow cytometry for the evaluation of NAM internalisation. (A) The percentage of Cy3-stained E. coli ATCC 25922 cells after incubation with the AD-NAM
complexes (for 15 min) is presented and grouped according to the antisense compound: the LNA-based NAM (LNA) or the PNA-based NAM (PNA). E. coli cells
exposed to the peptide-oligonucleotide conjugate (POC) were used as a positive control. The mean and standard deviation of three independent experiments are
presented. Statistical differences, in comparison to untreated E. coli (background in grey) and determined via one-way ANOVA, are indicated when appropriate in * (p
> 0.05, ns; p < 0.01, **; p < 0.0001, ****). (B) The median of orange fluorescence intensity is presented and grouped according to the antisense compound. The
dotted line (defined at 4 log;o AFU) indicates the selected threshold gate for Cy3 internalisation, corresponding to the maximum detected fluorescence for UnEC. Both
ADs enhanced Cy3-labelled NAM internalisation in E. coli (particularly for LNA-based NAMs).
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: D UnEC

E - PNA - la-PNA

- 1b-PNA -POC

Fig. 7. Fluorescence micrographs of E. coli ATCC 25922 cells incubated with the various AD-NAM complexes. E. coli was incubated with one of the ADs (1a or 1b),
previously complexed with the Cy3-labelled (A-C) LNA-based NAM (LNA) or the (E-G) PNA-based NAM (PNA). (D) Untreated E. coli (UnEC) was used as a negative
control. To guarantee NAM internalisation and assess maximum fluorescence, E. coli was visualised after exposure to (H) the peptide-oligonucleotide conjugate
(POCQ), as a positive control. All samples were subject to a DAPI counterstain in order to visualise bacteria. The scale bar represents 10 pm. These images corroborate
the results obtained via FC, showing both ADs enhance NAM internalisation in E. coli.

number of complexes are expected to be available to bind to the bacteria
and subsequently be internalised, potentially implying a decrease in the
detected fluorescence. However, given this analysis was performed after
15 min of bacterial exposure to the AD-NAMs, the authors hypothesise a
substantial amount of both AD, NAMs, and the resulting complexes are
still in solution, limiting this impact. On the other hand, the aggregation
may even contribute to an artificial increase of the detected fluores-
cence. Ultimately, the higher fluorescence signal detected for LNA-based
formulations is a direct consequence of AD-NAM complexation and
internalisation allied to the dynamic aggregation of the complexes (i.e.,
before precipitation). Regarding the ADs, although 1b previously
demonstrated improved envelope permeabilisation over 1a (Figs. 4 and
5), it led to a less pronounced internalisation of the NAMs than 1a. It is
likely that, given 1b’s higher lipophilicity and strong tendency for pro-
tonation, the forces established with the NAMs and the negatively
charged outer membrane of the envelope are more robust to overcome
than those of 1a. While zeta potential measurements of the complexes do
not indicate a strong dependency on the AD, loading efficiency values
lean towards a slightly higher tendency for complexation of 1b than that
of 1a. These forces may limit the effective traversal of the labelled NAMs
into the bacterial cytosol, potentially clarifying the reduced cell staining
associated with 1b. Lastly, it is worth noting the considerable success of
la-LNA, which demonstrated a level of internalisation comparable to
that of already established vectors. Besides the POC used in this study,
1a-LNA presented values similar to or higher than those obtained for
NAM-loaded liposomes (varying from 30 to 100 % delivery efficiency,
after 24 h), previously tested by our group [23,47]. Although this
study’s primary goal is the use of AD-NAMs as a therapeutic alternative,
these internalisation results highlight the potential of this strategy for
diagnostic applications. Amphiphilic dendrimers could be used for the
delivery of labelled NAMs, namely those targeting species-specific
genes, and allow the identification of specific pathogens in complex
bacterial samples.

2.5. AD-NAM:s effect on bacterial viability

Having shown that both ADs can permeabilise the bacterial envelope
and deliver the antisense NAMs, we aimed to investigate if the delivered

antisense NAMs could effectively kill bacteria. In order to assess the
antibacterial effect, E. coli colonies were quantified over a period of 24 h
of incubation with the selected formulations. In combination with either
AD, the previously mentioned LNA- and PNA-based NAMs were studied.
To exclude non-specific effects, a PNA-based scrambled sequence (Scr)
was used as a negative control.

For the formulations with 1la (Figs. 8A-B), the combinations with
LNA and Scr both led to very similar results to those verified for 1a alone
(e.g., logi reduction after 8 h of 2.8 + 0.32 for 1a-LNA, 2.9 + 1.2 for 1a-
Scr and 2.5 + 1.5 for 1a). Despite maintenance of the bacterial load
throughout the first few hours, these formulations (1a, 1a-LNA and 1a-
Scr) led to a recovery at the end of the incubation period that was
similar to values obtained for normal bacterial growth (UnEC). Only the
combination with PNA led to a noticeable reduction (e.g., 6.3 + 1.8 logig
reduction after 8 h for 1a-PNA), highly pronounced after only 6 h, which
was maintained up to 24 h.

The formulations with 1b (Figs. 8C-D) revealed a more pronounced
effect than those with 1a, as expected given its increased intrinsic ac-
tivity and coherently with the added envelope permeabilisation (shown
in Sections 2.2 and 2.3). The combinations of 1b with LNA and Scr led to
a seemingly improved effect over the AD alone (e.g., logio reduction
after 8h of 5.9 + 1.6 for 1b-LNA and 6.0 + 2.0 for 1b-Scr vs 4.2 + 2.0 for
1b). However, when comparing formulations after 8 h of incubation,
only the combination with PNA effectively resulted in a statistically
significant antibacterial improvement (e.g., 7.5 + 1.4 log;o reduction
after 8 h for 1b-PNA). Nonetheless, when analysing the overall effec-
tiveness (Fig. A.11 in Supplementary Data), using the area under the
time-kill curves, 1b-LNA also showed statistical differences to 1b alone.
For comparison, POC leads to an intense decrease during the first 4 h,
after which there is also a bacterial recovery, even more pronounced
than that verified for the active AD-NAM formulations (Fig. A.11C in
Supplementary Data).

Altogether, these results reveal a significant enhancement in anti-
bacterial activity when the anti-acpP PNA sequence is used, assisted by
either of the ADs. With a very significant bacterial load reduction (up to
8log19 CFU/mL), this activity is comparable to those of peptide-PNAs (7
to 8 logyo reduction at 24 h of incubation against UPEC) as reported by
Popella et al. [13] Additionally, the PNA sequence consistently



M. Gomes et al.

A
-
E
=]
T8
(&)
e
o
o
ot—r—r—Tr— T
0 5 10 15 20 25
Time [h]
C
-
E
>
T8
(&)
e
o
o

5

10 15
Time [h]

20 25

R O B

Pt 4

Journal of Controlled Release 384 (2025) 113850

B
UnEC 104
1a : Hkokk
c
1a-LNA 2 :
o o
1a-PNA é 5- .
1a-Scr 14 : ns
o -
] 4= T
°
T o#x
O mmmmeeeiiiiiiiiiii
I I 1 1 1
O N & & &
¢ NN L
\50 " \‘Z"Q N
D
UnEC 10
b ns * ns
1b c i
1b-LNA e .
O -
1b-PNA § 5-]
1b-Scr (4 1
‘Q_ ..
o .
2 |
0_._-. ...........................

O N FF S
¢ VY 4

Fig. 8. Evaluation of the inhibitory effect of the AD-NAM complexes against E. coli ATCC 25922. (A and C) Time-kill kinetics, up to 24 h, of the AD-NAM complexes,
based on 1a and 1b, respectively, when combined with the LNA-based NAM (LNA), the PNA-based NAM (PNA), or the PNA-based scramble sequence (Scr), and in
comparison to normal E. coli growth (UnEC). ADs were evaluated at MICgo (18.8 pM) and combined with NAMs at 15.0 pM. The mean and standard deviation of at
least three independent experiments are presented. The dotted line indicates the method’s detection limit (2 log;o CFU/mL). (B and D) Bacterial reduction (in a log;o
scale) after 8 h of incubation for each condition, as represented through a box and whiskers (min to max), with a line at the median. Statistical differences, in
comparison to AD-treated E. coli (background in grey) and determined via one-way ANOVA, are indicated when appropriate in * (p > 0.05, ns; p < 0.05, *; p < 0.01,
** p < 0.001, ***). Antibacterial activity was significantly enhanced when the anti-acpP PNA sequence was used, assisted by either of the ADs.

outperformed the scrambled sequence of the same chemistry, confirm-
ing the antisense mechanism in play. These results also indicate that,
despite lower apparent internalisation, the PNA chemistry is more
effective in its anti-acpP effect than its LNA-based counterpart. The
complex precipitation verified for the Cy3-labelled LNA-based AD-NAM
formulations likely has a role in their lack of prolonged activity. While
this behaviour was not apparent with non-labelled formulations, the
decrease of AD-NAMs in solution, thus reducing effective treatment
against E. coli, is consistent with the observed recovery in growth and
similarity of the time-kill curves to those of the AD alone. Additionaly,
while LNA more readily reaches the cytosol through this strategy (as
indicated by the FC and fluorescence microscopy results, Figs. 6 and 7),
it is possible that its likely stronger complexation to the ADs ultimately
hinders its release from the complexes and, consequently, its interaction
with the target sequence. Contrarily for PNA, the reduced electrostatic
interaction with the ADs, given its neutral charge, may result in a higher
availability near its acpP target. This tendency has also been reported for
peptide-oligo conjugates, for which only PNA revealed antibacterial
activity, despite both PNA and LNA-based oligos being strong trans-
lation inhibitors (in a cell-free system) [69]. For future studies, the LNA/
2-O’Me-based sequence may be further modified, for example, by
including amino-modified LNAs, impacting its global charge and

potentially its colloidal stability [70,71].

This assessment revealed promising antibacterial formulations,
namely those containing PNA-based NAMs, while highlighting the po-
tential of the antisense strategy.

2.6. AD-NAMs against clinical isolates and in vivo

In order to complement this strategy, this proof of concept had to be
translated to more clinically relevant conditions. As such, the next steps
consisted in i) the in vitro evaluation of all AD-NAM formulations against
an E. coli clinical isolate and ii) the determination of their biocompati-
bility in a greater wax moth (Galleria mellonella) model.

Predictably, all formulations showed less activity against the multi-
resistant E. coli isolate (H26) than that verified for ATCC 25922
(Fig. 9). The AD 1a by itself showed no antibacterial activity at the used
concentrations; however, its permeabilising effect seems to have assisted
in the partial internalisation of PNA, contributing to its observable
antibacterial activity, noticeable only during the first 8 h (Fig. 9A).
Indeed, only the combination with PNA resulted in a minimal but sta-
tistically significant bacterial reduction after 8 h (0.68 + 0.94 logio
reduction after 8 h for 1a-PNA) (Fig. 9B). Even so, none of the 1a-assis-
ted formulations led to significant activity when considering the entire
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Fig. 9. Evaluation of the inhibitory effect of the AD-NAM complexes against E. coli H26. (A and C) Time-kill kinetics, up to 24 h, of the AD-NAM complexes, based on
la and 1b, respectively, when combined with the LNA-based NAM (LNA), the PNA-based NAM (PNA), or the PNA-based scramble sequence (Scr), and in comparison
to normal E. coli growth (UnEC). ADs were evaluated at MICgy (18.8 pM) and combined with NAMs at 15.0 pM. The mean and standard deviation of at least three
independent experiments are presented. The dotted line indicates the method’s detection limit (2 log;o CFU/mL). (B and D) Bacterial reduction (in a log; scale) after
8 h of incubation for each condition, as represented through a box and whiskers (min to max), with a line at the median. Statistical differences, in comparison to AD-
treated E. coli (background in grey) and determined via one-way ANOVA, are indicated when appropriate in * (p > 0.05, ns; p < 0.05, *; p < 0.01, **). All for-
mulations showed less activity against the multi-resistant E. coli isolate. Nonetheless, the combination of 1b with PNA remained the most promising, still demon-

strating significant antibacterial activity.

incubation period (Fig. A.12 in Supplementary Data). Maintaining the
previous pattern, formulations with 1b showed overall higher activity
(Figs. 9C-D). While 1b’s intrinsic antibacterial effect was also barely
detectable under these conditions, the combinations with the selected
NAMs led to some improvements (e.g., logyo reduction after 8hof 1.5 +
2.7 for 1b-LNA and 2.1 £ 1.8 for 1b-Scr vs 0.096 + 0.11 for 1b). None-
theless, the combination with PNA remained the most promising, as the
only leading to significant effects (e.g., 3.2 + 1.9 log;o reduction after 8
h for 1a-PNA), for activity after 8 h (Fig. 9D) as well as when regarding
its effectiveness over time (Fig. A.12 in Supplementary Data). Similarly,
POC activity is also diminished against this isolate, with a slight anti-
bacterial effect during the first 4 h, after which there is a recovery of
growth, more pronounced than that verified for the active AD-NAM
formulations (Fig. A.12C in Supplementary Data).

As opposed to the originally tested E. coli strain, the isolate H26
presents resistance to several antibiotics (Table A.2 in Supplementary
Data). The resistance to f-lactams and tetracyclines suggests some level
of porin downregulation or mutation, potentially reducing the uptake of
hydrophilic substances (e.g., the NAMs). Additionally, resistance to
fluoroquinolones, aminoglycosides, tetracyclines and macrolides is
associated with the upregulation of efflux pumps, which may contribute

to the displacement of both ADs and NAMs. Lastly, while not directly
associated with any of the detected resistances, it is conceivable this
isolate also presents envelope differences, which may limit the interac-
tion with ADs and AD-NAMs. The present resistance mechanisms
collectively contribute to the reduced antibacterial activity observed in
E. coli H26.

Nevertheless, these results emphasise a distinct benefit of this strat-
egy. Despite 1b showing no antibacterial activity against H26, the added
effect of the PNA sequence in the 1b-PNA formulation leads to an
approximately 3 log;o reduction in bacterial load. This decrease results
from the permeabilisation caused by the AD, allied to the bacteria-
specific antisense action of the PNA. In a clinical context, this
pathogen-targeted approach likely allows the preservation of
commensal microbiota which is essential for supporting the immune
system and reducing the risk of dysbiosis. Additionally, this selective
killing reduces the pressure on non-targeted bacteria, likely diminishing
the tendency for resistance development. The relatively easy design and
tuneability of NAM sequences allow for a universal strategy that can be
tailored to other pathogens, maintaining specificity. Towards validation,
future studies can include an evaluation of this therapeutic strategy
against mixed biofilms, targeting E. coli while including other relevant
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species.

Given these results, only the formulations with 1b were evaluated
regarding their toxicity in vivo. For this purpose, the survival and health
of G. mellonella larvae were monitored after injection with the selected
formulations. When injected with the compounds (Fig. 10), no signifi-
cant toxicity was found regarding either survival (p = 0.37) or overall
health of the larvae (p = 0.54). Some conditions, including the saline
control, led to the death of one or two individuals over the 72 h
(Fig. 10A); however, this variation is to be expected within the larval life
cycle. Additionally, the health index of all groups remained above 6,
indicating an overall healthy state of the larvae (Fig. 10B). Our obser-
vations regarding biocompatibility are consistent with what has been
reported for the ADs in vitro, e.g., for embryonic kidney cells (HEK 293),
and in vivo, namely in mice [31,44,45], while also presenting favourable
safety profiles for all AD-NAM formulations.

Overall, this evaluation led to two main conclusions: i) the clinical
isolate presents phenotypic differences that partially challenge the AD-
NAM strategy, namely when using 1a; however, 1b-PNA continues to
exert significant antibacterial activity, and ii) no toxicity was associated
with the compounds under study (at the concentrations in use). For
future studies, an antibacterial assessment using relevant in vivo models
should be considered, to further validate the clinical translation of this
strategy.

3. Conclusion

Antimicrobial resistance poses a growing threat to public health by
rendering traditional antibiotics obsolete, underscoring the urgent need
for innovative antibacterial agents. Antisense oligonucleotides present a
promising alternative, by targeting and inhibiting specific bacterial
genes, providing a novel approach to combating resistant pathogens.
However, the multi-layered bacterial envelope is impermeable to these
oligonucleotides, even those composed of nucleic acid mimics (that
provide increased bio-stability and target affinity). To address this
challenge, our group innovatively proposed a combined formulation of
amphiphilic dendrimers and NAM-based oligos (targeting the acpP
essential gene) against E. coli.

This study demonstrated that the amphiphilic dendrimers bearing
primary and tertiary amine terminals, 1a and 1b, promote envelope
permeabilisation of E. coli, as evidenced through i) PI internalisation
detected via flow cytometry and ii) structural changes observed in the
envelope using TEM. Furthermore, the combination of NAM-based oli-
gos with both ADs enhanced NAM internalisation, as confirmed by the
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fluorescence detection of Cy3-labelled NAMs using both flow cytometry
and epifluorescence microscopy. Ultimately, the AD-NAM formulations
displayed effective antibacterial properties against E. coli, as evaluated
using both a reference strain and a clinically relevant strain. Among the
tested formulations, those with 1b led to the most significant reduction
in bacterial counts, likely due to its inherent enhanced potency
compared to la. Regarding NAM chemistry, the formulations with the
PNA-based NAM emerged as the most effective, resulting in very sub-
stantial reductions of bacterial load (of up to 8 log;o CFU/mL), with
sustained activity up to 24 h. Of particular interest is the specificity of
the observed effect, as the PNA-based targeted NAM consistently out-
performed the scrambled sequence of the same chemistry. This high-
lights the potential for designing pathogen-specific antibacterial drugs
that effectively target harmful bacteria while preserving beneficial
microbiota. By minimising off-target effects and disruption to the
microbiome, these drugs also reduce the likelihood of resistance
development when compared to traditional antibiotics. Finally, the
tested formulations showed no signs of toxicity in G. mellonella, con-
firming their safety in an animal model.

These results highlight, for the first time, the potential of the anti-
sense NAM strategy when combined with amphiphilic dendrimer vec-
tors, and motivate our group to pursue additional studies towards
optimisation and validation of clinical translation. Therefore, future
work will focus on exploring antisense specificity by testing these for-
mulations in complex biofilms, and conducting comprehensive in vivo
studies to confirm their therapeutic potential.

4. Materials and methods
4.1. Amphiphilic dendrimers (ADs)

The amphiphilic dendrimers 1a and 1b were obtained via the
ongoing collaboration with Dr. Ling Peng, from the Interdisciplinary
Center of Nanoscience of Marseille (CINaM), and are further described
in Dhumal et al. [31,32] Shortly, these two ADs, represented in Fig. 1A
and described in Table 2, are composed of a long hydrophobic alkyl
chain and a hydrophilic poly(amidoamine) (PAMAM) dendron, carrying
a primary amine (1a) or a tertiary amine (1b), respectively. These ADs
rely on dynamic self-assembling to form supramolecular structures
when in solution.
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Fig. 10. Evaluation of the biocompatibility of the AD-NAMs and their components, as observed through (A) the survival and (B) health index of G. mellonella larvae
over time. (A and B) Toxicity of the AD-NAM complexes, based on 1b, when combined with the LNA-based NAM (LNA), the PNA-based NAM (PNA), or the PNA-
based scramble sequence (Scr). The peptide-oligonucleotide conjugate (POC) and the solo NAMs were also tested, and physiological saline (NaCl) was used as a
control. The mean of at least two independent experiments is presented. Statistical differences, in comparison to NaCl, are indicated when appropriate in * (p > 0.05,
ns). No toxicity was associated with the AD-NAM formulations or their solo components.
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Table 2
Identification of the ADs used in this study.
ID  Description Chemical
formula
Amphiphilic dendrimer in study, differentiated by its
la TPIpALIC . Y v Co1H182N32014
primary amine terminals
Amphiphilic dendrimer in study, differentiated by its
1b phip Y v C107H214N32014

tertiary amine terminals

4.2. Nucleic acid mimics (NAMs)

The acpP gene in E. coli was selected as the antisense target for this
study. This essential gene, which codes for a protein involved in fatty
acid biosynthesis, is widely established as a target in bacterial antisense
strategies [13-15]. Two different NAMs were synthesised: (i) an LNA/
2'0-Me chimaera, and (ii) a PNA-based oligonucleotide, as clarified in
Table 3. These sequences target the start codon region, based on prior
studies [14,72]. Additionally, as a positive control, the PNA-based
sequence was conjugated with the cell-penetrating peptide, (KFF)sK.
As a negative control, a scrambled sequence was designed by randomly
rearranging the nucleotides of the PNA-based sequence. For
fluorescence-based assays, the compounds were labelled at 5" with Cy3.
All NAM-based reagents were purchased from Eurogentec [Kaneca
Eurogentec S.A.]. Low-retention pipette tips [AHN myTip LT 200 pL
(Low Retention Tips), 4-121-50-0, AHN Biotechnologie GmbH] and
low-binding microtubes [Low Protein Binding Microcentrifuge Tubes
1.5 mL, 90410, Thermo Scientific] were used when handling these
compounds.

4.3. Preparation of AD-NAMs

Intermediate solutions of the studied ADs and NAMs were prepared
in physiological saline (0.85 % NaCl) [Sodium Chloride, 7647-14-5,
VWR International] or ultrapure water. To promote complexation (as
adapted from Chen et al. [30]), equal volumes of these solutions were
mixed, adding the AD solution to the NAM solution, and incubating the
mix for 30 min at 37 °C [Refrigerated incubator FOC 225E, VELP Sci-
entifica]. The resulting complexes, herein entitled AD-NAMs, are char-
acterised by a Nitrogen/Phosphate (N/P) ratio. This value can be
determined according to Eq. 1, in which Cap and Cyawm are, respectively,
the concentrations of the AD and NAM; Nap is the number of amine
terminal groups in the AD (8 for both 1a and 1b); and Nyam is the
number of monomers of the NAM sequence (10 for the selected se-
quences). Throughout this study, an N/P ratio of 1 was selected for all
formulations. Therefore, the selected AD-NAM formulations included
AD at MICg (18.8 pM) and NAMs at 15.0 pM.

Cap X Nap

N
=R D €))
P Cnam X Nnam

Table 3
Identification of the antisense NAMs used in this study. Legend: “{}” — LNA
monomers; “[]” — 2'0-Me monomers.

D Description Sequence (5-3")

LNA LNA/2'0-Me chimaera, targeting the {Gy[cl[ul{c}[Aa][uUul{A}I[C]
acpP gene {T}([C]

PNA PNA-b'ased oligonucleotide, GCTCATACTC
targeting the acpP gene

POC Peptide-oligo conjugate, used as a CCTOATACTC_KFFKFFKEFK

positive control
P Cell-penetrating peptide
Scrambled PNA-based sequence

KFFKFFKFFKK
ATCCTAGTCC
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4.4. AD and AD-NAM characterisation

4.4.1. Transmission electron microscopy (TEM) - negative staining
Micrographs were obtained to visualise the supramolecular struc-
tures formed by the ADs and AD-NAMs when in solution. In short, the
selected formulations were prepared in ultrapure water at the effective
concentration of use (18.8 pM for ADs and 15.0 pM for NAMs). An
aliquot (5 pL) was deposited onto a 300 mesh copper grid [Gilder grids,
DG300-Cu, Delta Microscoscopy] and left to absorb for 10 min at room
temperature in the dark. The grid was then stained with 1 % uranyl
acetate (5 pL) [Uranyl Acetate, 22400, Electron Microscopy Sciences]
for 1 min, and any excess liquid was removed using blotting paper before
the measurements. Visualisation was performed at 80 kV in a trans-
mission electron microscope [JEM 1400 Electron Microscope, JEOL]
and digital images were acquired using an appropriate camera [PHUR-
ONA Camera, EMSIS GmbH]. Acquired images were analysed using Fiji
(ImageJ, open platform for scientific image analysis) [73]. For each
sample, at least 12 images (at magnifications ranging from 25000 x to
120000 x) were analysed using a semi-automated segmentation method
(Fig. A.3 in Supplementary Data). This method relied on applying an
appropriate (user-selected) bandpass filter and automated thresholding
for particle segmentation. Afterwards, binary tools (such as Fill Holes
and Watershed) were used to approximate the mask to the detected
particles. Lastly, particles were analysed, restraining circularity to
0.50-1.00 and excluding those with an area smaller than 5 nm?.
Throughout this study, particle size was reported as the mean and
standard deviation of the obtained Feret diameter measurements.

4.4.2. Electrophoretic light scattering (ELS)

The zeta potential of each of the ADs and their resulting complexes
with LNA and PNA was assessed via ELS measurements in low-salt
aqueous solution (10 mM NaCl) at 25 °C. Measurements were per-
formed using disposable cuvettes [Folded capillary zeta cell DTS1070,
Malvern Panalytical] in an appropriate apparatus [Zetasizer Nano ZS,
Malvern Panalytical].

4.4.3. Size exclusion chromatography (SEC)

The loading efficiency was used to characterise the success of the
interaction between ADs and NAMs. The results were derived from
fluorescence measurements, comparing the formulations of ADs with
Cy3-labelled NAMs before and after appropriate partitioning from the
non-complexed NAMs. The selected formulations were prepared in ul-
trapure water at the effective concentration of use (18.8 pM for ADs and
15.0 pM for Cy3-labelled NAMs). Upon mixing and the usual 30 min of
incubation, an original aliquot (60 pL) was kept for fluorescence mea-
surements, defining the total NAM fluorescence, i.e., when all NAMs are
available in the solution (Frog)nams). Non-complexed NAMs were
removed by passing an aliquot of the original formulation through a size
exclusion chromatography column [PD SpinTrap™ G-25, 28-9180-04,
Cytiva], following the protocol suggested in the columns’ manual [74].
In short, spin columns were prepared, and the storage solution was
removed by centrifugation for 1 min at 800 rcf. For equilibration, 400 pL
of ultrapure water were added to each column, followed by centrifu-
gation for 1 min at 800 rcf and rejection of the flow-through. This
process was repeated 5 x in total. An aliquot (140 pL) of the AD-NAM
mixture was then added to the columns and eluted into a clean collec-
tion tube by centrifugation (2 min at 800 rcf). This procedure was
repeated at selected time points (0, 2, 4, 6, 8 and 24 h) to assess AD-NAM
stability and release. An aliquot (60 pL) of each of the eluted solutions
was kept for fluorescence measurements, defining the loaded NAM
fluorescence at each time, i.e., that of NAMs that maintained interaction
with the ADs (Fioaded Nams)- All fluorescent aliquots were added to a
black 96-well plate [Nunc™ 96-well polypropylene sample processing &
storage microplates, 249945, Thermo Scientific™] and measured using
a fluorescence microplate reader [FLUOstar Omega, BMG LABTECH],
equipped with an appropriate filter (Excitation: 560-10; Emission:
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600-10). The loading efficiency (LE) was calculated as described in Eq.
2.

F, Loaded NAMs

LE[%)] = x 100 (2)

Total NAMs

4.5. Bacterial strains and growth conditions

E. coli was the main focus of this study. Strain ATCC 25922 was
selected and used for the majority of the in vitro assays, given its ease of
use and availability in most laboratories. As a pathogenic representative
of this species, isolate H26 (U78734) was used as a more clinically
relevant strain. Additionally, to assess the range of effect of the ADs,
some assays included the use of Bacillus subtilis ATCC 6051 and Staph-
ylococcus epidermidis ATCC 35984. These strains are summarised in
Table 4.

To prepare an inoculum, the selected strain was grown overnight in
tryptic soy broth (TSB) [Tryptic Soy Broth, 105459, Millipore] at 37 °C
with shaking (160 rpm) [KS 130 Basic orbital shaker, IKA]. To obtain
colony forming units (CFUs) and allow its enumeration, the bacteria
were grown in its agar-supplemented (15 % v/v) counterpart, tryptic soy
agar (TSA) [Agar powder, 9002-18-0, VWR International].

4.6. Bacterial susceptibility assays

The monitoring of growth was used to evaluate the antibacterial
effect of the selected formulations. Two distinct methods were used for
this analysis:

4.6.1. Turbidity reduction assay (TRA)

For a quick and high throughput analysis, a spectrophotometry-
based assay was employed, adapted from Motyl et al. [79] and Wie-
gand et al. [80] An overnight culture of the selected strain was diluted to
2 x 6 logi9 CFU/mL (ODgoonm of 0.01 for E. coli) in concentrated MHB
(x2) [Mueller Hinton Broth, 70192, Millipore]. Alternatively, LB-Miller
(x2) [LB Broth, Miller (Luria-Bertani), 97064-110, VWR] was used
during a preliminary media study. This cell suspension (100 pL) was
added to the wells of a sterile 96-well plate [Tissue Culture Plate,
734-2327, VWR] and incubated with different formulations of the
tested compounds (100 pL) at 37 °C. This resulted in a bacterial con-
centration of approximately 6 logip CFU/mL for all samples. The
ODgoonm Was monitored for 24 h using a plate reader [Spectrostar Nano,
BMG Labtech], with absorbance measurements every 30 min (total of
49 cycles), for all used wells (200 pL/well). An orbital shaking was
defined with a frequency of 200 rpm for 100 s before each measurement
cycle. Besides the tested formulations, each tested plate included con-
trols for the medium, ensuring sterility (SC), and bacterial growth (GC).

The minimum inhibitory concentration (MIC) was objectively
defined as the lowest concentration that led to a reduction of at least 80
% in growth (MICg), as detected through the measurement of ODgoonm,

Table 4
List of bacterial strains selected for the study. Abbreviations: ATCC, American
Type Culture Collection; CLSI, Clinical and Laboratory Standards Institute.

Bacterial strain Relevant characteristics Source
LSI 1 in f imicrobial
Escherichia coli ATCC CLS co‘nt-r(-) strau-1 or antimicrobia . -
95022 susceptibility testing; common lab strain; [75,76]
biotype 1.
Escherichia coli H26 Iso?ate frc?m haemocultl‘xre (Oct ?017); multi- )
(U78734) resistant isolate (more information in Table
A.2 in Supplementary data); biotype 2.
Bacillus subtilis ATCC Type strain; application in quality control 771
6051 and resistance testing; biotype 1.
Staphyl.
Zl_é;:;(;;gi,r cc Genome sequenced strain or.igin.ally isolated [78]
35084 from a case of catheter sepsis; biotype 1.
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when compared to the growth control [81,82]. Additionally, the mini-
mum bactericidal concentration (MBC) was determined by sub-
culturing aliquots, obtained from all wells that showed no visible mi-
crobial growth, on the surface of TSA plates and determining the number
of surviving cells (in CFU/mL) after a 24 h incubation at 37 °C. The MBC
was defined as the lowest concentration of the antibacterial agent
needed to kill 99.9 % of the inoculum [81,82]. Throughout this study,
the overall variation of the MICs/MBCs was presented using the indi-
vidual values obtained for independent experiments. The effective MIC/
MBC values were then determined based on the consistency of the re-
sults (represented by the median).

4.6.2. Time-kill assay (TKA)

For a more thorough analysis, a CFU-based assay was employed, to
determine the evolution of viable (and culturable) cells over time. A
bacterial suspension, prepared similarly to what was described for TRA,
was incubated with the selected formulations for 24 h at 37 °C. Instead
of OD monitoring, this assay relied on the sampling (10 pL) and
microdilution of all test samples, at selected time points (0, 2, 4, 6, 8 and
24 h). Besides the tested formulations, each experiment included con-
trols for the medium, ensuring sterility (SC), and normal bacterial
growth (UnEC). Appropriate dilutions were plated in order to determine
the number of surviving cells (in CFU/mL), using the track dilution
method [79,83]. The evolution of CFU/mL of each sample throughout
time was then plotted, clarifying the antibacterial profile of each
formulation. The detection limit was calculated assuming a single col-
ony forming unit (CFU) is the smallest amount quantifiable from a 10 pL
aliquot of the original sample (dilution factor of 1). The concentration of
surviving cells is determined using Eq. 3, for which C is the number of
bacterial colonies, D is the dilution factor and V is the volume of the
aliquot.

F
Measure of surviving cells = _¢ _C
DxV mL 3)
=Limit of detection = LCFU ;52 CFU
" 1x0.01 mL mL

This results in a detection limit of 102 CFU/mL, as represented in the
graphs. However, there are cases in which no CFUs were detected after
treatment. For simplicity’s sake, those situations were represented as ~
0 CFU/mL.

4.7. Evaluation of membrane permeabilisation

4.7.1. Flow cytometry with propidium iodide stain

The permeabilisation caused to the envelope by the ADs was assessed
using propidium iodide (PI) [LIVE/DEAD® BacLight™ Bacterial
Viability Kit, L7012, Invitrogen]. This dye is a red-fluorescent nucleic
acid stain, which only penetrates bacteria with compromised mem-
branes [84].

This PI-based membrane integrity assay was previously optimised in-
house. An incubation time of 15 min was selected to minimise the
overlap of unviable vs permeabilised bacterial populations. In short, an
overnight inoculum was diluted to obtain an ODggonm 0f 0.01. The
resulting bacterial suspension (100 pL) was then centrifuged for 5 min at
10000 rcf [Centrifuge 5418, Eppendorf]. After removing the superna-
tant, the bacterial pellet was resuspended in a saline-based solution
(200 pL) of the constructs (at the final concentration of study). The
mixture was incubated for 15 min at 37 °C, and, once again, centrifuged
for 5 min at 10000 rcf. The bacterial cells were resuspended in PI (50 pL,
7.4 uM), and incubated for 4 min. After another centrifugation, the
bacterial cells were washed in 1 mL of ultrapure water. A last centrifu-
gation was performed before resuspending the pellet in ultrapure water.
Polymyxin (15 min at MICgg, 2.5 pg/mL) [Polymyxin B sulfate salt,
P1004-1MU, Sigma-Aldrich] and ethanol (30 min at 50 %) [Ethanol 70
% (v/v) TechniSolv, 83801.360, VWR Chemicals] were used as positive
controls.



M. Gomes et al.

The resulting samples were analysed using a cytometer equipped
with a 488 nm laser [CytoFLEX Flow Cytometer, V0-B3-R1, Beckman
Coulter]. Parameters such as the forward angle light scatter (FS), side
angle light scatter (SS) and red fluorescence (using the PC5.5 filter) were
detected with a minimum of 30000 events falling into the defined bac-
terial gate (on the FS-SS plot). The data was analysed via the equip-
ment’s software [CytExpert, Beckman Coulter], and the average
percentage of PI-positive bacteria was determined for each experiment.

4.7.2. Transmission electron microscopy (TEM) - chemical fixation

Micrographs were obtained to visualise the changes caused by the
ADs to the bacterial envelope of E. coli and its surroundings. In short, an
overnight inoculum was diluted to obtain an ODggonm of 0.01 in MHB
(x2). This cell suspension (100 pL) was incubated with the selected
formulations (100 pL) at 37 °C. In order to guarantee enough changes
could be detected, samples with the ADs were incubated for 2 h; in order
to avoid bacterial loss, samples with polymyxin were incubated for 15
min only. The samples were fixed for 2 h (minimum) at 4 °C in an equal
volume (200 pL) of 5 % glutaraldehyde [Aqueous Glutaraldehyde EM
Grade 50 %, 16316, Electron Microscopy Sciences] and 4 % para-
formaldehyde [Paraformaldehyde 20 % Aqueous Solution EM Grade,
15713, Electron Microscopy Sciences] in 0.2 M sodium cacodylate
buffer [Trihydrate Sodium Cacodylate, 12300, Electron Microscopy
Sciences], followed by 3 washings in buffer, 5 min each. The resulting
pellets were embedded in processing gel [HistoGel™, HG-400-012,
Thermo Scientific™]. The samples were then postfixed for 2 h in 2 %
osmium tetroxide [Osmium Tetroxide 4 % Aqueous Solution, 19190;
Electron Microscopy Sciences] in 0.1 M sodium cacodylate buffer. After
being washed in water (3 x , 5 min each), samples were stained for 30
min with 1 % uranyl acetate [Uranyl Acetate, 22400, Electron Micro-
scopy Sciences]. After another wash in distilled water, the samples were
immersed in an ethanol series (50 %, 70 %, 80 %, 100 %, 100 %, 100 %)
followed by propylene oxide (PO), for dehydration [Propylene Oxide,
20401, Electron Microscopy Sciences]. The samples were then
embedded in EMbed 812 resin through a gradient of PO:resin [EMbed
812 Kit for Electron Microscopy Embedding, 14120, Electron Micro-
scopy Sciences]. The infiltrations were performed for at least 1 hin a 3:1
solution, followed by a 1:1 of the same reagents overnight, and a 1:3
solution for 1 h. Finally, samples were embedded in the resin and ready
for cutting. Ultrathin sections (50 nm) were cut using a diamond knife
on an ultramicrotome [PowerTome PT XL, RMC Boeckeler], mounted on
300 mesh copper grids [Gilder grids, DG300-Cu, Delta Microscoscopy],
and contrasted with uranyl acetate substitute [Uranyl Acetate Substi-
tute, 11000, Electron Microscopy Sciences] and lead citrate [Lead Cit-
rate, 11300, Electron Microscopy Sciences]. For samples incubated with
la and 1b, there was a noticeable loss of bacterial cells, culminating in
the difficult processing of the TEM resin blocks. Nonetheless, the
remaining cells allowed representative visualisation. Visualisation was
performed at 80 kV in a transmission electron microscope [JEM 1400
Electron Microscope, JEOL] and digital images were acquired using an
appropriate camera [PHURONA Camera, EMSIS GmbH].

4.8. Evaluation of the internalisation of NAMs

4.8.1. Epifluorescence microscopy

The internalisation in bacteria of the Cy3-labelled NAMs was
assessed using a fluorescence in situ hybridisation (FISH)-based assay.
However, this protocol did not include the traditional bacterial fixation
and permeabilisation, as the ADs are expected to replace the need for
toxic permeabilisation/fixation agents [85,86]. This assay was per-
formed as described by Pereira et al [24], with some modifications.

In short, an overnight inoculum was diluted to obtain an ODgoonm Of
0.01 in saline. The resulting bacterial suspension (100 pL) was mixed
with an equal volume of the fluorescently labelled constructs. The
mixture was incubated for 15 min at 37 °C and later centrifuged for 10
min at 16400 rcf. The bacterial cells were then washed in 500 pL of

13

Journal of Controlled Release 384 (2025) 113850

washing solution (0.005 M Tris base [Tris Base, 77-86-1, Fisher Scien-
tific], 0.015 M NacCl, 0.1 % v/v Triton-X [Triton X-100, Panreac], pH 10)
for 15 min, at 37 °C. After another centrifugation (10 min at 16400 rcf)
and removal of the supernatant, the bacterial cells were resuspended in
sterile ultrapure water (100 pL), and 20 pL of each sample were placed
on a glass slide well and dried at 37 °C. Once dry, the samples were ready
for in-slide bacterial staining. As such, 20 pL of DAPI (0.1 mg/mL) [4,6-
diamidino-2-phenylindole dihydrochloride, 28718-90-3, Merck] were
added to each well and incubated for 10 min, followed by a washing
with ultrapure water. After drying, the samples were visualised on an
epifluorescence microscope [Eclipse Ti-SR inverted microscope, Nikon]
using a 100 x oil objective [CFI Plan Apo 4 100 x /1.45NA Oil, Nikon]
and a G-2A longpass filter (excitation: 535-50 nm; emission: 580 nm) for
orange fluorescence or a DAPI bandpass filter (excitation: 375-28 nm;
emission: 460-60 nm) for blue fluorescence. At least five fields of view
of each sample were taken using a monochromatic camera [QImaging
Retiga R1, Cairn Research] and processed using appropriate software
[IS-Elements Advanced Research, Nikon]. The exposure time and exci-
tation intensity were maintained throughout the experiments. Acquired
images were analysed using Fiji (ImagelJ, open platform for scientific
image analysis) [73].

4.8.2. Flow cytometry

Flow cytometry was implemented not only to show the membrane
damage but also to further quantify the internalisation of NAMs in
E. coli. Samples were prepared in a similar manner to that executed for
the epifluorescence microscopy studies (up to resuspension in ultrapure
water).

The resulting samples were analysed using the aforementioned cy-
tometer. Parameters such as the forward angle light scatter (FS), side
angle light scatter (SS) and orange fluorescence (using the PE filter) were
detected with a minimum of 30000 events falling into the defined bac-
terial gate (on the FS-SS plot). The data was analysed via the equip-
ment’s software, and the average percentage of Cy3-positive bacteria as
well as the median of a sample’s fluorescence intensity was determined
for each experiment.

4.9. In vivo studies — Galleria mellonella model

Galleria mellonella was used as the model host to determine the
toxicity associated with the proposed formulations. Based on the pro-
tocol described by Aratijo et al. [87], G. mellonella larvae were reared at
25 °C, in darkness, with a pollen grain diet [P6len Seco, Nuno Marques —
Comércio de Mel, Lda., Mértola]. The caterpillars were used at their last
larval stage, with a weight of approximately 250 mg. The larvae were
injected via the hindmost left proleg, previously cleansed with 70 % (v/
v) ethanol, using an insulin syringe [BD Micro Fine, Frilabo], to control
the volume of injection (10 pL) and to reach the haemolymph (intra-
haemocoelic injection). For each condition, at least 10 larvae were
injected with the respective formulation. Afterwards, all larvae were
stored in the dark at 37 °C.

Larvae’s health and survival were monitored and registered up to 72
h (in 24 h intervals), using a standardised scoring system (proposed by
Loh et al. [88] and illustrated by Tsai et al. [89]). Their health index was
calculated based on four main parameters: (i) larvae activity, (ii) cocoon
formation, (iii) melanisation, and (iv) survival. The larvae were
considered dead when they displayed no movement in response to
touch.

To evaluate the toxicity associated with the AD-NAM formulations,
the G. mellonella larvae were injected with a saline-based solution of the
AD-NAMs in study, as well as their solo counterparts (ADs or NAMs
alone). As a negative control, a set of larvae were injected with saline
only.
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4.10. Statistical analysis

The software GraphPad Prism [v8.4.0, GraphPad Software] was used
for statistical analysis. Experiments were performed in triplicates
(minimum) on independent days. Descriptive statistics used throughout
the text relate to the average values and standard deviation of the
sampled groups. Given the need to compare several formulations, the
significance between the means of the experimental groups was evalu-
ated using one-way analysis of variance (ANOVA). Each of these ana-
lyses was followed by Tukey’s multiple-comparison test. A p-value of <
0.05 (95 % confidence interval) was considered as significant (p > 0.05,
ns; p < 0.05, *; p < 0.01, **; p < 0.001, ***; p < 0.0001, ****). For
further comparison between groups, regarding NAM internalisation, a
two-way ANOVA analysis was performed. Additionally, for the evalua-
tion of G. mellonella survival, Kaplan-Meier curves were plotted and
differences in survival were calculated using the log-rank (Mantel-Cox)
statistical test.

4.11. Figures

Drawings of chemical structures were produced using MarvinSketch
[v23.17, 2023, ChemAxon]. Graphical representations, such as plots and
heatmaps, were produced using GraphPad Prism [v8.4.0, GraphPad
Software]. Microscopy images were analysed and edited using Fiji
(ImageJ, open platform for scientific image analysis) [73]. Lastly,
vector-based figures, such as the graphical abstract, were produced
using Inkscape [v1.3.2, 2023, Inkscape Developers].
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