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ABSTRACT: Precision antisense antibacterial agents may be developed into novel antibiotics in the fight against multidrug-
resistant Gram-negative bacteria. In this study, a series of diaminobutanoic acid (DAB) dendrons are presented as novel carriers for
the delivery of antisense antibacterial peptide nucleic acids (PNAs). The dendron−PNA conjugates targeting the essential acpP gene
exhibit specific antisense antimicrobial bactericidal activity against Escherichia coli and Klebsiella pneumoniae at one-digit micromolar
concentrations, while showing low toxicity to human cells. One compound selected from a structure−activity relationship series
showed high stability in mouse and human serum (t1/2 ≫ 24 h) as well as in vivo activity against a multidrug-resistant, extended
spectrum beta-lactamase-producing E. coli in a murine peritonitis model. The compound was also well tolerated in mice upon i.v.
administration up to a dose of 20 mg/kg, and in vivo fluorescence imaging indicated clearance via renal excretion with slight
accumulation in the kidneys and liver. Thus, DAB-based dendrons constitute a promising new chemistry platform for development
of effective delivery agents for antibacterial drugs with possible in vivo use.
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The World Health Organization has identified bacterial
infections as one of the biggest threats to public health1

because of increasing and widespread multidrug resistance
(MDR).2 The most commonly reported resistant bacteria are
Escherichia coli, Klebsiella pneumoniae, and Staphylococcus
aureus.2,3 These pathogens pose a severe burden to the society,
prolonging hospitalization and increasing treatment costs and
mortality rates.2 Only two mechanistically new classes of
antibiotics (oxazolidinones and the cyclic lipopeptide
daptomycin) have been approved since the golden era of
antibiotics (1940−1970),4 and most resources have been
directed toward the improvement of existing “best-in-class”
drugs rather than for search of novel “first-in-class”
compounds. Thus, the pipeline for development of new
antibacterial drugs is very limited.5 Antisense agents hold great
promise as antimicrobials as they in principle can be designed
to target any specific mRNA, and therefore, any expressed
protein coding gene is potentially druggable using this

approach. Therefore, new antibiotic targets are accessible in
order to effectively circumvent existing resistance, and in
addition, the new antibiotics should not be affected by
resistance to existing antibiotic drugs. Furthermore, antisense
agents may be modified and adapted to new genetic variants of
resistant strains by simple modification of the nucleobase
sequence.6 Peptide nucleic acid (PNA) is a charge-neutral
nucleic acid mimic exhibiting exquisite biological stability and
excellent sequence-specific RNA affinity, for which the
potential as antimicrobial agents was first demonstrated by
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targeting the mRNA of the essential acpP (acyl carrier protein)
gene in the Gram-negative E. coli.7,8 The presence of an outer
lipopolysaccharide (LPS)-coated membrane acts as a highly
impermeable barrier, impeding cellular uptake of many
antibiotics, and is one of the challenges concerning Gram-
negative pathogens.9−11 Poor cellular uptake of unmodified
PNA also constitutes a major limitation for the antibacterial
activity, which initially could only be demonstrated in the
hyper-permeable E. coli mutant AS19.7 Subsequently, covalent
attachment of bacterial penetrating peptide (BPP) carriers was
shown to facilitate the envelope transport of antibacterial
PNAs, allowing low micromolar activity in wild-type Gram-
negative bacteria.8,12−14 Commonly, such cationic amphipathic
linear carrier peptides show some intrinsic antibacterial activity
as well as toxicity to mammalian cells, and they are prone to
proteolytic degradation.15,16 In addition, it was later demon-
strated that the uptake of many PNA and PMO (phosphor-
odiamidate morpholino oligomer) BPP conjugates is depend-
ent on the non-essential ABC inner membrane transporter
SbmA, thereby being prone to fast resistance development.17,18

Thus, as a minimum, effective antibacterial PNA-conjugate
antibiotics require biologically stable BPPs capable of effective
SbmA-independent bacterial delivery.
We recently synthesized and characterized a series of

cationic peptide dendrons based on non-natural amino acids
[primarily diaminobutanoic acid (DAB)] as cell-penetrating
peptides (CPPs) for PNA delivery to eukaryotic cells.19 We
now demonstrate that similar dendrons are also effective BPPs
for SbmA-independent cellular delivery of antisense PNAs to
Gram-negative bacteria both in vitro and in vivo.

■ RESULTS AND DISCUSSION
Structure−Activity Relationship. The robust synthesis

of cationic, amphipathic dendrons consisting of three
generations of DAB functionalized with terminal guanidiny-
lated ligands was recently reported.19 This novel dendrimeric
moiety effectively delivers covalently conjugated PNA to
eukaryotic cells, and in analogy to certain arginine peptides,
these dendrons were anticipated to also interact with Gram-
negative membranes and potentially facilitate uptake of
antisense PNAs in bacteria.
To this end, a series of DAB dendrons were conjugated to a

PNA oligomer (Figure 1) targeting the translation start of the
acpP mRNA, coding for an essential gene required for fatty
acid synthesis7,12,17 (Tables S1 and S2). For each compound, a
corresponding mismatch control (mm) was tested to validate
whether the activity originates from specific antisense targeting
of acpP mRNA rather than a non-specific cytotoxic growth
inhibitory effect (e.g., membrane interaction/disruption or
intracellular off-targeting). By exploiting the chemical
versatility of the dendron structure and the robustness of
divergent solid phase synthesis, we investigated the structure−
activity relationship (SAR) focusing on the effect of terminal
guanidinylation as well as the length and hydrophobicity of the
terminal dendron ligands (Figure 1). The conjugates were
initially tested for antibacterial activity [by minimal inhibitory
concentration (MIC) determination] in the wild-type (wt) E.
coli laboratory strain MG1655 and a corresponding deletion
ΔsbmA mutant strain as well as a wt K. pneumoniae strain
(ATCC 13883) (Table 1). Previously, effective BBPs have
been identified among polycationic linear peptides such as
(KFF)3K, (RXR)4, and selected antimicrobial peptides
(AMPs).8,13,20,21 Thus, conjugates having eight terminal

positive charges were designed to compare the activity of
amino versus guanidino derivatives as well as the effect of
varying terminal carbon linker chains (Figure 1 and Table 1).
None of the compounds with terminal amino groups [i.e.,
(Apr)8 -DAB-PNA (PNA4883) , (Abu)8-DAB-PNA
(PNA4887), and (Apn)8-DAB-PNA (PNA4842)] inhibited
growth of E. coli at concentrations <16 μM, while the
corresponding guanidinylated derivatives [i.e., (Gbu)8-DAB-
PNA (PNA4883) and (Gpn)8-DAB-PNA (PNA4887)]
exhibited MIC values in the low micromolar range and
showed a significant difference between match and mismatch
compounds (Table 1). These results demonstrate that DAB
dendrons can deliver PNAs to bacteria and that terminal
guanidinylation is necessary for effective uptake. This
conclusion corroborates analogous findings for antibacterial
antisense PMOs, showing that arginine-containing BPPs are
more active than similar ligands based on lysine or ornithine.20

In order to further validate the delivery properties of
guanidinylated DAB dendrons independent of the targeted
gene, we also synthesized a guanidinobutanoic acid (Gbu)8-
DAB-PNA derivative targeting the essential FtsZ gene
(PNA4986), and this conjugate showed activity in E.coli
comparable to the analogous acpP compound (Table 1).
Previously, it was demonstrated that the antibacterial activity of
antisense PNAs exhibits an optimum around 10 nucleobases in
terms of oligomer length,7 and this was ascribed to size-limited
bacterial uptake of the compounds.22 The present PNA
dendron conjugates exhibit a similar behavior, showing the
highest antibacterial activity for the decamer PNA4897 (Table
S3). Next, we investigated the effect of the length of the
terminal carbon chain of the dendron−PNA conjugates,
comparing the activity of derivatives terminally functionalized
with guanidinobutanoic acid (Gbu)8-DAB-PNA (PNA4897),
guanidinopentanoic acid (Gpn)8-DAB-PNA (PNA4856),
guanidinohexanoic acid (Ghx)8-DAB-PNA (PNA4737), gua-
nidinoheptanoic acid (Ghp)8-DAB PNA4857, and guanidi-
nooctanoic acid (Goc)8-DAB PNA4850. The C8 linker
produced the most active compound ((Goc)8-DAB,
PNA4850) with MIC = 0.25 μM, while decreasing the
terminal carbon chain length resulted in up to 8-fold loss of
activity for (Ghx)8-DAB (PNA4737). Interestingly, we
observed a tendency of inversion in this trend with terminal

Figure 1. PNA−dendron conjugate structure (DAB: diaminobutanoic
acid). (Reproduced from Gabas, I. M.; Nielsen, P. E., Effective
Cellular Delivery of Antisense PNA by Conjugation to Guanidiny-
lated DAB-Based Peptide Dendrons. Biomacromolecules 2020, 21 (2),
472−483. Copyright 2020, ACS Publications).
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carbon chains shorter than 6 atoms, and indeed, (Gbu)8-DAB-
PNA (PNA4897) inhibited bacterial growth at a concentration
of 0.5 μM. The mismatch version of the conjugates with long
terminal carbon chains had a minor inhibitory activity with
MIC values of 16 and 8 μM for (Ghp)8-DAB-PNA
(PNA4852) and (Goc)8-DAB-(PNA4853), respectively. This
non-acpP target growth inhibition effect seems to be directly
correlated with the terminal carbon chain length and thus to
the overall hydrophobicity of the conjugates. This could be
linked to compromising the integrity of the bacterial envelope
in analogy to the mechanism observed for AMPs, for example,
colistin, but in contrast to colistin, PNA4853 did not induce
envelope disruption as measured by Sytox staining (Figure
S1A). However, most interestingly, both (Goc)8-DAB PNAs
4850 and 4853 significantly increased the colistin-induced
uptake of SYTOX (Figure S1B,C), thereby indicating a
contributing membrane destabilization by these PNAs.
Furthermore, such an effect was not observed for the less
hydrophobic and less toxic PNA4897 (and the corresponding
mismatch PNA4898) SYTOX (Figure S1D,E), thereby
assigning the effect to the (Goc)8-DAB peptide part. Thus,
the acpP-targeting conjugates may inhibit bacterial growth by
at least two independent mechanisms: (i) the specific antisense
targeting of the acpP gene by the PNA moiety (low
concentrations) and (ii) a (much weaker) non-antisense,
membrane-associated activity by the cationic amphipathic
carrier that may be analogous to the action of some AMPs
(usually at higher concentrations than the antisense effect21).
Therefore, the antisense specificity (estimated as MICmismatch/
MICmatch) appears to be higher for the dendrons with shorter
terminal carbon chains, as in the case of the sub-micromolar
activity of the short (Gbu)8-DAB-PNA (PNA4897) (MIC =
0.5 μM) compared to its mismatch (Gbu)8-DAB-PNA-
(PNA4898) (MIC >16 μM).
In order to evaluate whether changes in the size of the core

dendritic structure affect the antibacterial activity, we
synthesized the conjugates (Gbu)8-DAP PNA4990 and
(Ghx)8-DAP PNA4991 using the shorter diaminopropionic
acid (DAP) [instead of DAB] as a monomer for the synthesis
of the three-generation dendron. However, only slight
differences in activity between the DAP- and DAB-based
structures were observed, thereby suggesting that the outer

shell of the dendron (i.e., terminal ligands) is more important
than the core structure (and size) in determining the
antibacterial properties of dendron-PNA conjugates (Table 1).
SmbA is a non-essential gene encoding an inner membrane

transporter involved in the uptake of inter alia proline-rich
AMPs23−25 and notably also (KFF)3K-PNA conjugates.16,17

Mutations in the sbmA gene do not affect bacterial growth
under laboratory conditions but can confer resistance to
(KFF)3K-PNA due to poor (inner membrane) cellular uptake.
To study whether the antibacterial activity of DAB dendron−
PNA conjugates is SbmA-dependent and therefore susceptible
to the above-mentioned resistance mechanism, we tested a
series of derivatives with different terminal ligands against a
ΔsmbA E. coli mutant. The compounds showed virtually
identical results for the wt and ΔsbmA strains. Importantly, this
result indicates that the uptake of dendron−PNA conjugates is
SbmA-independent and is consistent with the models,
suggesting a carrier-independent, direct penetration of some
arginine-rich peptides through both the outer and inner
membranes,26−29 and most probably utilizing the electro-
negative potential over the inner membrane for crossing this.30

Interestingly, the D-form (kff)3k-PNA in contrast to the
natural L-form (KFF)3K-PNA is active against the ΔsbmA
mutant,16,17 inferring that the D-form is able to transverse the
inner membrane by an sbmA-independent mechanism. It was
also very recently found that the peptide part of the L-form
(KFF)3K-PNA is rapidly degraded both in the medium and in
the periplasm of the bacteria, thereby inferring that intact L-
form (KFF)3K-PNA might indeed cross the inner membrane
independently of sbmA in analogy to some arginine-based
BPPs17,18,25 and that the resistance is due to insufficient
stability and thus inability to actually reach the inner
membrane.16

In the case of peptide−PMO conjugates (PPMOs), some
arginine-rich peptides that could overcome ΔsbmA resistance
have also been identified, such as (RX)6B and (RXR)4XB,

18

analogous to the results with PNA. However, an (RFF)3RXB
and even the corresponding D-form PPMO were reported
inactive against a ΔsbmA strain.18 This apparent difference
between BPP−PNA and PPMO behaviors is not clear at
present, but the biological stability of these compounds is not
available.

Table 1. MIC Values for the Dendron−PNA Conjugatea

MIC μM

E. coli wt E. coli ΔSbmA K. pneumoniae

target gene carrierb PNAc match misM match misM match misM

acpP (Gbu)8-(DAP) 4990 1 >16 0.5 >16 4 >16
acpP (Ghx)8-(DAP) 4991 4 >16 2 >16 2 >16
acpP (Gbu)8-(DAB) 4897 0.5 >16 0.5 >16 8 >16
acpP (Gpn)8-(DAB) 4856 1 >16 1 >16 8 >16
acpP (Ghx)8-(DAB) 4737 2 >16 2 >16 2 >16
acpP (Ghp)8-(DAB) 4857 1 16 1 16 0.5 16
acpP (Goc)8-(DAB) 4850 0.25 8 0.25 8 0.125 4
acpP (Apr)8-(DAB) 4883 >16 >16 >16 >16 >16 >16
acpP (Abu)8-(DAB) 4887 >16 >16 16 >16 >16 >16
acpP (Apn)8-(DAB) 4842 >16 >16 >16 >16 >16 >16
ftsZ (Gbu)8-(DAB) 4986 2 >16 4 >16 16 >16

aMICs are reported as the lowest concentrations of the compound resulting in complete growth inhibition [measured as optical density (OD) at
595 nm] after 18 h of incubation at 37 °C. bAbbreviations: DAB: diaminobutanoic acid dendron; DAP: diaminopropanoic acid dendron; Gbu:
guanidinobutanoyl Ghx: guanidinohexanoyl; Gpn: guanidinopentanoyl; Ghp: guanidinoheptanoyl; Goc: guanidinooctanoyl; Apr: aminopropanoyl;
Abu: aminobutanoyl; Apn: aminopentanoyl. cPNA number for the E. coli match PNA.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.2c00089
ACS Infect. Dis. 2022, 8, 1098−1106

1100

https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00089/suppl_file/id2c00089_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00089/suppl_file/id2c00089_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00089/suppl_file/id2c00089_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00089/suppl_file/id2c00089_si_001.pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The targeted region of the acpP mRNA is relatively well
conserved among Gram-negatives, and the PNA used in this
work is also able to target acpP in K. pneumoniae. However,
when testing the series against this pathogen, a slightly
different trend than that seen in E. coli was observed, with a
simple direct correlation between length of the terminal carbon
linker and antimicrobial activity. As for E.coli, (Goc)8-DAB
PNA4850 exhibits the highest antimicrobial activity (MIC =
0.125 μM), whereas the shorter (Gbu)8-DAB PNA4897 is
much less active (MIC = 8 μM) (Table 1). However, as
observed for E. coli, the activity of the mismatch controls also
increases with the carbon-linker length. This behavior is similar
to that previously observed in mammalian cells, showing that
the gain in activity achieved by increasing hydrophobicity is
commonly accompanied with an increase in non-specific cell
toxicity.19

Finally, we also tested the activity of DAB dendron−PNA
conjugates against Pseudomonas aeruginosa PAO1 and S. aureus
ATCC 29213 using adequate antisense sequences to target the
acpP mRNA in these species (Table S4). Only minor
inhibitory activity was observed with the guanidinoheptanoic
or guanidinoctanoic acid in P. aeruginosa. However, since the
activities of the match and mismatch derivatives were not
significantly different, the mechanism of action presumably is
not antisense-mediated for this PNA in this pathogen. Also, the
analogous PNA dendron did not show antimicrobial activity in
the Gram-positive S. aureus. It is well established that the
culture conditions, not least the growth medium (e.g., complex
vs defined medium and cation contents), can have a dramatic
influence on the antibacterial activity, especially for AMPs. The
present experiments were conducted under standard MIC
screening conditions in the complex Mueller Hinton Broth
(MHB) medium, and no optimization by changing the
medium was attempted. Similarly, the gene target position
and length strongly influence activity. Furthermore, previous
studies have shown that antisense BPP-PNA targeting of P.
aeruginosa is quite challenging.13 Thus, it may be possible to
optimize dendron structures to also target these bacteria.
Cell Toxicity of Dendron−PNAs. Based on the low MIC,

combined with high MICmismatch/MICmatch ratios (>32) (Table
1), PNA4897 was chosen as the most interesting hit
compound, and the cellular toxicity was determined in
HepG2 cells, the standard cell line in antibiotic drug discovery.
The results showed no significant toxicity at least up to 90 μM,
which is more than 100-fold higher than the MIC (Figure 2).
The cytotoxic effect of selected dendron−PNA conjugates was
also determined in HeLa cells, which yielded higher toxicities
than found for HepG2 cells (Figure S2). Furthermore, a direct
correlation between the carbon chain length of the
guanidinylated terminal group and reduction in cell viability
was apparent in these cells. Specifically, (Gbu)8-DAB-PNA
(PNA4897), carrying terminal guanidinium−butanoic acid,
showed negligible toxicity at 20 μM (>10 × MIC), while the
(Goc)8-DAB-PNA (PNA4850) with guanidinylated octanoic
acid caused ∼35% reduction in viability at 20 μM. Although
the substitution of DAB with DAP in the core dendrimer
structure results in a reduction in size and molecular weight of
the compound, reduced cell toxicity was not observed when
comparing (Gbu)8-DAB-PNA (PNA4897) with (Gbu)8-DAP-
PNA (PNA4990) or (Ghx)8-DAB-PNA (PNA4737) with
(Ghx)8-DAP-PNA (PNA4991). This result would indicate that
the outer shell of the dendron may also be more important
than the core for cytotoxicity. Previously, it was demonstrated

that long terminal groups are necessary for efficient delivery of
DAB dendron conjugates to eukaryotic cells.19 Interestingly,
identical dendron moieties conjugated to different PNA
oligomers result in compounds with different cytotoxicities.
Specifically, conjugates designed for eukaryotic antisense
targeting (PNA length 18 nt)19 exhibit higher toxicity than
the corresponding bacteria-targeting compounds (PNA length
10 nt), thereby indicating that the PNA oligomer increases the
inherent cytotoxicity of the dendron CPP/BPP. It is also
generally observed that increasing cationic charge as well as
increased hydrophobicity of the delivery peptide increase
cytotoxicity (e.g., ref 19). These results supported the choice of
(Gbu)8-DAB-PNA (PNA4897) as the most interesting
candidate for further investigation.

Effect of Divalent Cations. Divalent cations such as Ca2+

and Mg2+ are known to significantly inhibit the activity of
membrane-interacting cationic AMPs,31,32 and therefore, PNA
delivery by DAB dendrons could be similarly affected. Thus,
the MIC values of (Gbu)8-DAB-PNA (PNA4897) and the
corresponding mismatch (Gbu)8-DAB PNA4898 were deter-
mined in MOPS minimal medium with different combinations
of [Ca2+] and [Mg2+] (Table 2). The results show that both
ions do indeed reduce the activity of the conjugates in E. coli:
the MIC values for (Gbu)8-DAB-PNA (PNA4897) ranged
from <0.5 μM at low cation concentrations (i.e. [Mg2+] = 50
μM, [Ca2+] < 200 μM) to >4 μM under high-cation conditions
([Ca2+] and [Mg2+] at 2.5 mM). Interestingly, the activity ratio
between match and mismatch across the tested conditions is
fairly constant (Figure S3), suggesting that the membrane
stabilization effect of the divalent cations affects dendron−
PNA uptake (implied by antisense activity) and membrane
disruption [implied by non-antisense (mismatch) activity] in
parallel and that these effects share a common or overlapping
mechanism of outer LPS/membrane interactions.
As a further confirmation of the cation effect on DAB

dendron activity, the effect on antibacterial activity (MIC) of
(Gbu)8-DAB-PNA (PNA4897) was measured after addition of
varying concentrations of the chelating agent ethylenediami-
netetraacetic acid (EDTA) (from 0.2 μM to 2.5 mM) added to
the (chemically undefined) MHB medium. Indeed, the results
showed that addition of EDTA enhanced the antibacterial
effect of the dendron−PNA in a concentration-dependent
manner (Figure S4), supporting an inhibitory effect of divalent
cations, presumably due to their binding to the outer LPS
layer, thereby stabilizing the outer envelope of the Gram-

Figure 2. Cytotoxicity in human HepG2 cells after 48 h incubation
with (Gbu)8-DAB-PNA (PNA4897). Cell viability was measured by
ATP assay and expressed as mean with SD relative to the untreated
control (n = 9).
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negative bacteria or shielding ionic interactions with the
cationic BPP.
Bactericidal Activity. A time kill assay was employed to

further characterize the antibacterial activity. The results of this
clearly show that PNA4897 is bactericidal, causing more than 3
log reduction in CFU at 4 times MIC within 4 h (Figure 3).

Stability in Mouse and Human Serum. Prior to in vivo
studies with (Gbu)8-DAB-PNA (PNA4897) (and mismatch
PNA4898), the stability of this dendron−PNA conjugate was
evaluated in mouse and human serum. As the compound is
composed of non-natural amino acids, it is not expected to be a
substrate for peptidases nor proteases and thus should exhibit
good serum stability. Indeed, more than 95% of the compound
remained intact after incubation for 24 h in both human and
mouse serum (Figure S5).
In Vivo Efficacy on MDR E. coli of Dendron−PNAs. In

view of the positive in vitro results, the antimicrobial effect of
(Gbu)8-DAB-PNA (PNA4897) and the corresponding mis-
match PNA4898 was evaluated against a small series of MDR
E.coli clinical isolates including extended spectrum beta-
lactamase (ESBL), carbapenem, and colistin-resistant strains,
and except for one (AMA 817), the PNA exhibited good
activity against all strains (Table S5). The multidrug-resistant
E.coli EC-106-09 was chosen for an in vivo efficacy experiment
in a neutrophenic murine peritonitis model. This clinical
isolate carries the ESBL gene CTX-M-27 and is additionally
resistant to quinolones, sulphonamides, and trimethoprim.33

Initially, the acute toxicity of the compound was assessed in
female NMRI mice, and it was found to be well tolerated up to
25 mg/kg upon i.p. and up to 20 mg/kg upon i.v.

administration (Table S6). An intraperitoneal (IP) inoculum
of E. coli (0.5 mL containing 6 × 1010 CFU/mL) was used to
establish an IP infection. At t = 1 h post inoculum, the mice
were treated with 10 mg/kg or 25 mg/kg of either PNA4897
or the mismatch control PNA4898 or colistin (5 mg/kg) as the
positive control, while citrate buffer was used for the vehicle
treatment group. A significant increase in CFUs of ∼1.5 log
between t = 0 and the sampling at t = 5 h (Figure 4A) was
observed in the vehicle treatment group. The CFU levels in the
peritoneum of mice treated with PNA 4897 (10 and 25 mg/
kg) were significantly lower (ca 3.5 log) compared to the
vehicle-treated group, although no significant dose response
was observed. For comparison, only the highest dose of the
mismatch control PNA4898 exhibited a minor CFU count
reduction (∼1 log). No signs of distress in the animals were
observed during the experiment (with the exception of one
mouse in the group treated with the highest dose of PNA4897
showing minor clinical signs). Overall, the match PNA4897
was significantly more effective than the mismatch PNA4898
in reducing the infection burden.

In Vivo Biodistribution and Organ Accumulation of
Dendron−PNAs. To further characterize the in vivo behavior
of the dendron−PNA conjugates and obtain information about
their pharmacokinetics behavior, PNA4897 was labeled with
the near-IR fluorophore, AlexaFluor680 (AF680), and body
distribution was followed by in vivo fluorescence imaging after
intravenous administration in nude mice via the tail vein
(Figure 4B). As expected, the compound distributed readily (t
< 5 min) in the whole body after i.v. administration, and some
initial accumulation was located in the kidneys. The compound
was eliminated fast by renal excretion with an estimated body
half-life of 40 min, which is slightly longer than previously
observed for a 20mer unmodified PNA.34−36 Intact PNA4897
was detected in the urine by HPLC and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (Figure S7) in accordance with the high serum
stability of the (unlabeled) compound (Figure S4), and we
have previously shown that a fully analogously AF680-labeled
PNA can be recovered intact in the urine following i.v.
administration,34−36 strongly supporting that the imaging
fluorescence signal does indeed reflect intact AF680-
PNA4897. At 20 min post administration, a significant amount
of fluorescence was assigned to the bladder and to the liver,
and after 2 h, most of the remaining fluorescence was
concentrated in the liver, kidneys, and bladder (Figure 4B),
whereas at 24 h, very little fluorescence was detected and at 48
h, practically no fluorescence was detected in the mouse.
Scanning of the excised organs showed that the remaining
fluorescence had accumulated predominantly in the kidney and
in the liver (Figure 4C). While the relative accumulation was
fast (0−2 h) in the kidneys, a more steady relative

Table 2. Effect of Calcium and Magnesium Ions on Apparent MIC of (Gbut)8-DAB-PNA (PNA4897) in MOPS Minimal
Medium [MIC Values Relative to the Mismatch (Gbut)8-DAB-PNA (PNA4898) Are Shown in Parentheses]a

Ca2+

0.5 μM 5 μM 50 μM 200 μM 500 μM 2.5 mM

Mg2+ 50 μM <0.5 (4) <0.5 (8) <0.5 (16) 1 (>16) 2 4
200 μM 1 (8) 1 (8) 1 (>16) 1 (>16) 2 4
500 μM 1-2 (16) 1−2 (>16) 1−2 (>16) 2 (>16) 2 4
2.5 mM 4 4 4 4 5 >4

aMICs are reported as the lowest concentrations of the compound resulting in complete growth inhibition [measured as optical density (OD) at
595 nm] after 18 h of incubation at 37 °C.

Figure 3. Representative time−kill graph for E. coliMG1655 grown in
MHB in the presence of (Gbu)8-DAB-PNA (PNA4897) at 0.5 ×
MIC, 1 ×MIC, 2 ×MIC, and 4 ×MIC. Samples were taken at 0, 1, 2,
and 4 h to determine viable bacterial numbers (n = 3), and the
experiments were performed at 2 independent days. Data are mean ±
SD of two independent experiments. The dashed line indicates the
detection limit.
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accumulation was seen in the liver (Figure S8). It remains to
be seen whether the slight kidney accumulation is accom-
panied by nephrotoxicity as seen for, for example, colistin.37

■ CONCLUSIONS

The present dendron−PNA conjugates add a new chemical
platform for BPPs that allow design and easy synthesis of
(PNA) conjugates exhibiting specific antisense antimicrobial
bactericidal activity against E. coli and K. pneumoniae at one-
digit micromolar concentrations, while exhibiting low toxicity
to human cells. One hit compound selected from an SAR series
of such dendron−PNA conjugates showed high stability in
mouse and human serum (t1/2 ≫ 24 h) as well as in vivo
activity against a multidrug-resistant, ESBL-producing E. coli in
a murine peritonitis model. The compound is well tolerated up
to a dose of 20 mg/kg in mice upon i.v. administration, and in
vivo fluorescence imaging indicated that it is cleared from the
body (t1/2 ∼ 1 h) via renal excretion with very slight
accumulation in the kidneys and liver. Thus, DAB-based
dendrons are interesting and effective delivery agents for
antibacterial drugs with possible in vivo use. Specifically, the
dendrons provide a novel BPP chemical architecture for
subsequent extended medicinal chemistry SAR and optimiza-
tion of both antibacterial and not least in vivo properties in
terms of pharmacokinetics, toxicity, and efficacy and thus
therapeutic index of novel precision antisense antibiotics. In
principle, the dendrons might also serve as delivery agents for
other antimicrobials for which bacterial delivery is a limiting
challenge.

■ METHODS
Synthesis of the Dendron−PNA Conjugate. The

detailed procedure is described in ref 19. Briefly, the conjugate
was synthesized by manual solid-phase synthesis using the
Boc/Fmoc approach on MBHA resin LL (100−200 mesh,
Novabiochem, loading 0.12 mmol/g). Fmoc-deprotection was
performed with piperidine/DMF (1:4, v/v) two times for 10
min; Boc-deprotection was performed with TFA/anisol (95:5,
v/v) two times for 4 min. Chain elongation was performed by
using 0.2 M Boc-protected PNA monomer in DMF solution
and Nα-Fmoc-Nγ-Boc-L-2,4-diaminobutanoic acid in DMF (4
equiv), in combination with an equal amount of 0.2 M
hexafluorophosphate benzotriazole tetramethyl uronium as a
coupling reagent and 4.5 equiv DIEA as an activator base.
Guanidinylation of terminal amino groups was performed with
0.07 M of 1,3-di-Boc-2-(trifluoromethylsulfonyl)-guanidine (4
equiv) in DCM and 4.5 equiv DIPEA overnight (O/N). The
conjugate was cleaved from the resin using TFA/TFMSA/m-
cresol/thioanisole (6:2:1:1, v/v, 2 × 1 h), precipitated, and
washed three times with cold Et2O. The conjugate was finally
purified by C18 RP-HPLC and characterized by HPLC and
MS-MALDI. PNA5512 used for bioimaging was synthesized
via addition of a cysteine residue between the PNA and the
dendrimer moiety of PNA4897, and the near-IR maleimide-
functionalized AlexaFluor680 (Thermo Scientific, US) was
coupled to the thiol group following the supplier’s instructions.

MIC Assay. The MIC values for the conjugates were
determined using the broth microdilution protocol described
in ref 38. MHB medium was purchased from Fluka/Sigma, and
its content in calcium and magnesium cations (21.7 and 16.2

Figure 4. (A) In vivo efficacy of dendron−PNA conjugates in a murine peritonitis infection. Evaluation of (Gbu)8-DABPNA (4897) and (Gbu)8-
DAB MM-PNA (4898) antibacterial potential after 4 h IP treatment of a peritonitis NMRI mice infection model, inoculated with 2.5 × 106 CFU/
mouse of E. coli (ESBL). Colistin was used as the positive control, and the vehicle (citrate buffer) was used as the negative control. **p < 0.01;
***p < 0.001; ****p < 0.0001. (B) In vivo biodistribution of AF680-PNA4897 after i.v. administration. Top (back) and bottom (front) scans; the
time points from the top left corner are T = 0 (pre-injection), 5, 10, 15, 20, 25, 30, 40, 50 min, 1 h, 2 h, 4 h, 24 h, 48 h. (C) AF680-PNA4897
average organ accumulation (independent of organ size) 48 h post i.v. administration (n = 2).
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μM, respectively) was quantified by inductively coupled
plasma atomic emission spectroscopy. For each compound, a
10 × 2-fold dilution series was prepared in a solution of 0.2%
BSA, and a final volume of 10 μL was transferred in each well
of a 96-well NUNC polystyrene plate. O/N cultures of the
tested bacteria were grown in 5 mL of MHB, starting from a
glycerol stock up to OD595 nm = 1. A dilution of ∼2.5 × 105

CFU/mL was prepared, and 90 μL was added to the
compounds to a final volume of 100 μL. The plates were
incubated in a rotatory shaker at 37 °C for 18 h, and finally, the
OD595 was measured using a microplate reader (Tecan Sunrise,
USA). MICs were defined as the lowest concentrations of the
compound able to completely inhibit bacterial growth for 18 h
at 37 °C. Each experiment was run in three biological
replicates. For the evaluation of calcium and magnesium effects
on the biological activity of the conjugates, growth inhibition
experiments were carried out in MOPS minimal medium
supplemented with 0.2% casamino acids (Gifco) following the
same procedure as above for compound dilutions and plate
assembly.
Cytotoxicity Determination. HepG2 cells were grown in

DMEM with high glucose supplemented with 10% (v/v), fetal
bovine serum, minimum essential medium non-essential amino
acid solution (Gibco), and 1% (v/v) penicillin/streptomycin
10,000 U/mL (ThermoFisher). Cells were incubated for 48 h
with the tested conjugates, and the viability was then evaluated
measuring the amount of adenosine 5’ triphosphate (ATP):
cells were lysed with 60 μL of passive lysis buffer (Promega),
and ATP was quantified with a CellTiter-Glo luminescent cell
viability assay kit (Promega) following the supplier’s protocol.
The results are expressed as relative viability compared to the
untreated control.
Time−Kill Assay. Time−kill curves were obtained by

growing E. coli MG1655 in MHB (Oxoid) in the presence of
PNA4897 at 0.5 × MIC, 1 × MIC, 2 × MIC, and 4 × MIC
diluted in 2% BSA in H2O. The starting inoculum was 5 × 105

CFU/mL, and cells were grown with shaking at 37 °C for 4 h.
Samples were taken at times 0, 1, 2, and 4 h; serially diluted;
and plated onto agar plates to determine viable bacteria after
O/N incubation at 37 °C. Experiments were performed in
duplicates with the vehicle (solution containing 2% BSA in
H2O) added to the broth as the growth control.
Serum Stability. Human or mouse serum was incubated

with 60 μM of PNA4898 at 37 °C up to 24 h. At times 0, 2, 4,
and 24 h, 30 μL of 3% TCA was added to 30 μL of serum
incubated with PNA4898. Samples were kept on ice for 15 min
and then centrifuged for 15 min at 14,000g. The supernatant
was analyzed by HPLC and MALDI.
Acute Toxicity. A total of 15 female NMRI mice were

weighted and dosed IP with 200 μL of 10 and 25 mg/kg
conjugate solutions in isotonic citrate buffer (pH = 7.2) or
citrate buffer alone. Mice were observed for signs of acute
toxicity t = 0, 2, 15, 30, 60, and 120 min according to the score
scheme (Table S6).
IP Infection Model. A total of 30 outbred female NMRI

mice weighing 25.9 to 31.4 g were rendered neutropenic with
cyclophosphamide (Sendoxan). Briefly, 0.5 mL of the solution
corresponding to a dose of 200 mg/kg cyclophosphamide was
administered by i.p. injection 4 days before the experiment, and
a dose corresponding to 100 mg/kg cyclophosphamide was
administered by i.p. injection 1 day prior to inoculation. Fresh
O/N colonies of E. coli EC-106-0933 from 5% horse blood agar
were diluted to 2−5 × 106 CFU/mL in the sterile saline

suspension, and mice were inoculated in the peritoneum with
0.5 mL of the bacterial suspension containing 6.6 log10 CFU/
mL. 45 μL of Nurofen (20 mg ibuprofen/mL, 30 mg/kg
approx.) was administered orally as pain relief. Test
compounds were diluted to 1.4 and 3.5 mg/mL in isotonic
citrate buffer (pH = 7), and mice were treated 1 h after the
inoculation with 0.2 mL of the conjugate solution (citrate
buffer was used in the vehicle treated control mice). A dose of
5 mg/kg of colistin administered s.c. in the neck region was
used in the positive control group. The mice were sacrificed by
cervical dislocation either at 1 h after inoculation (start of the
treatment group) or after 4 h after the treatment. A total of 2
mL of sterile saline was injected i.p., and the abdomen was
gently massaged before its opening to sample the fluid with a
pipette. Each sample was 10-fold diluted in saline, and 20 μL
spots were applied on blood agar plates for viable CFU
counting. All agar plates were incubated 18−22 h at 35 °C in
ambient air.

Bioimaging. Two NMRI-nu mice were treated systemically
with 200 μL of 10 μM solution of Alexa Fluor 680 (AF680)-
labeled PNA4897 (H-(Gbu)8-(DAB)4-(DAB)2-DAB-Cys-
(AF680)-CTCATACTCT-NH2) via tail vein injection. Mice
were then anesthetized with 2% isoflurane at a flow rate of 1.5
L/min and placed in an IVIS spectrum CT (PerkinElmer) to
run a near-IR epifluorescence acquisition. The 675/720 nm
filters were used for excitation and emission, respectively.
Images were acquired at t = 0 (pre-injection), 5, 10, 20, 25, 30,
60, 120, 240 min, 24 h, and 48 h. Mice were finally sacrificed to
acquire an ex vivo organ scan. Living Image software was used
for data analysis (PerkinElmer). Boundaries were drawn
around the region of interest (ROI) to quantify the
fluorescence signals from the body and kidneys. Using the
radiant efficiency corresponding to the first three time points,
liner regression analysis was performed with GraphPad Prism
to determine the initial ROI values (Y0). Finally, all ROI values
were converted into percentages based on the estimated initial
signal and plotted into GraphPad Prism for the determination
of the compound elimination “half-life” using nonlinear
regression (one phase decay).

Statistical Analysis. GraphPad Prism was used for data
collection, statistical analysis, and graph representation.
Dunnett’s multiple comparison test was used in the i.p.
infection model to evaluate the CFU levels of the treatment
groups compared to the vehicle group. OriginPro9 was used to
plot of the OD595 as a function of [Ca2+] and [Mg2+].
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