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Acinetobacter baumannii causes multidrug resistance, leading
to fatal infections in humans. In this study, we showed that
Lys AB2 P3-His-a hexahistidine-tagged form of an antimic-
robial peptide (AMP) loaded onto DNA aptamer-function-
alized gold nanoparticles (AuNP-Apt)-can effectively inhibit
A. baumannii infection in mice. When A. baumannii-infected
mice were intraperitoneally injected with AuNP-Apt loaded
with Lys AB2 P3-His, a marked reduction in A. baumannii
colonization was observed in the mouse organs, leading to
prominently increased survival time and rate of the mice com-
pared to those of the control mice treated with AuNP-Apt or
Lys AB2 P3-His only. This study shows that AMPs loaded
onto AuNP-Apt could be an effective therapeutic tool against
infections caused by multidrug-resistant pathogenic bacteria
in humans.
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Introduction

The World Health Organization (WHO) declared the anti-
biotic resistance of pathogenic bacteria as one of the most
threatening human health issues (Bassetti et al., 2011). The
most common multidrug-resistant (MDR) bacteria are sum-
marized under ‘ESKAPE’ : Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp. (Rice, 2008).

"These authors contributed equally to this work.

"For correspondence. (K. Lee) E-mail: kangseok@cau.ac kr; Tel.: +82-2-
820-5241; Fax: +82-2-825-5206 / (J. Bae) E-mail: jeehyeon@cau.ac.kr;
Tel.: +82-2-820-5604; Fax: +82-2-816-7338

Copyright (©) 2022, The Microbiological Society of Korea

Although the number of bacteria currently resistant to exist-
ing antibiotics has increased, only a few novel antibiotics have
been discovered in the past 40 years due to the high cost and
complexity associated with drug discovery and development
(Projan, 2003; Lee et al., 2019; Choi et al., 2020). Unless the
drug discovery pipeline produces new antibiotics to combat
the growing problem of MDR bacteria, it will be challenging
to treat infections caused by these pathogens (Fair and Tor,
2014; Shin and Park, 2017; Kim et al., 2020; Lee et al., 2021).
Therefore, there is a need for novel therapeutic strategies,
which can be obtained by developing new classes of antimic-
robial compounds and efficient intracellular drug delivery
systems.

Acinetobacter baumannii is a Gram-negative facultative anae-
robe and opportunistic pathogen that is commonly found in
the hospital environment and has recently been reported to
present worldwide (Peleg et al., 2008). Because of its ability to
grow at different temperatures and pH conditions with mini-
mal nutrients, A. baumannii can survive in dry conditions and
in inanimate objects for up to 5 months (Jawad et al., 1998;
De Vegas et al., 2006; Kramer et al., 2006). Although adhesion
is known to be the initial and critical step in A. baumannii
infection, recent studies have shown that A. baumannii can
invade host cells, such as the human lungs, larynx, and cer-
vical epithelial cells (Choi et al., 2008; Gaddy et al., 2009), and
become internalized into macrophages (Qiu et al., 2012). This
indicates that this bacterium also has an intracellular life cycle
(Parra-Millan et al., 2018). Infection of A. baumannii and its
entry into the body through this route can eventually lead to
serious hospital-acquired infections, such as ventilator-asso-
ciated pneumonia, skin and soft tissue infections, bacteremia,
surgical site infections, sepsis, urinary tract infections, and
meningitis in humans (Valero et al., 2001; Peleg et al., 2008;
Cerqueira and Peleg, 2011). It has been suggested that the
mortality rate associated with A. baumannii infection is 20—
70% (Fagon et al., 1996; Blot et al., 2003; Theaker et al., 2003;
Wang et al., 2003; McConnell et al., 2011).

In the past, A. baumannii was an easy-to-treat pathogen;
however, it is now recognized as an MDR pathogen, with
many strains being resistant to virtually all types of antibiotics
available today, attracting worldwide attention as the cause
of numerous outbreaks (Bergogne-Bérézin and Towner, 1996;
Dijkshoorn et al., 2007; Perez et al., 2007). A final therapeutic
option against MDR strains is the use of polymyxins, spe-
cifically colistin (polymyxin E) (Dijkshoorn et al., 2007; Park
et al., 2010). Polymyxins, prescribed mostly in the 1960s and
1970s, were largely abandoned due to perceptions of toxicity,
but have recently been reintroduced into human therapy with
new and modified dosing regimens (Garnacho-Montero et
al., 2003; Esposito et al., 2011). However, currently isolated
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A. baumannii strains exhibit resistance to multiple drugs,
including colistin (Mahgoub et al., 2002; Park et al., 2010;
Rolain et al., 2013). Thus, a new class of antibacterial agents
has to be developed to prevent the spread of MDR strains
of A. baumannii (MDRAB) (Wréblewska, 2006; Ko, 2019;
Kim et al., 2021).

Antimicrobial peptides (AMPs) are promising alternatives
to conventional antibiotics (Hancock and Sahl, 2006; Kim et
al., 2019; Lemon et al., 2019; Ryu et al., 2021). AMPs are gen-
erally positively charged and amphipathic with short lengths
(6-100 amino acids [aa]) (Gentilucci et al., 2006; Kang et al.,
2017; Carratala et al., 2020). LysAB2 P3 is an AMP derived
from the endolysin LysAB2 of A. baumannii phage, PAB2,
which has antibacterial activity (Lai et al., 2011). Among all
the AMPs derived from LysAB2, LysAB2 P3 has the highest
antibacterial activity against A. baumannii, with little hemo-
lytic activity and no cytotoxic activity against mammalian
cells (Peng et al., 2017).

However, owing to the lack of a delivery system that pre-
vents AMPs from rapid degradation in living systems, ap-
plication of AMPs, including LysAB2 P3, in a clinical setting
has been difficult (Roscia et al., 2013; Mukhopadhyay et al.,
2020). Various nanomaterial-based systems have been de-
veloped to increase the delivery efficiency and stability of
AMPs (Makabenta et al., 2021). They are based on nano-
materials, such as dendrimers (Paleos et al., 2004), polymers
(Connor et al., 2005), liposomes (Cheng et al., 2006), nano-
rods (Schmid, 1992) and nanotubes (Rosi and Mirkin, 2005).
However, in general, these systems require a complex process
for loading AMPs onto nanocarriers and show low efficiency
in inhibiting bacterial growth in in vivo models (Mishra et
al., 2017; Nordstrom and Malmsten, 2017).

To overcome the limitations of current nanomaterial-based
systems for AMPs, our research group has developed a gold
nanoparticle-DNA aptamer (AuNP-Apt) conjugate-based de-
livery system, which can easily load AMPs and increase the
delivery efficiency and stability of AMPs (Yeom et al., 2016;
Lee et al., 2017). In this study, we investigated whether this
system could be used to relieve the A. baumannii infection
in mice.

Materials and Methods

Synthesis of AuNP-Apt conjugates

Standard citrate-reduced AuNPs (15 nm in diameter) were
purchased from BBI Solution (Crumlin). The anti-His (Kok-
pinar et al, 2011) aptamer (5-GCTATGGGTGGTCTGG
TTGGGATTGGCCCCGGGAGCTGGC-A10-Thiol-3")
was purchased from Bioneer. The procedure for the syn-
thesis of AuNP-Apt conjugates has been previously described
(Yeom et al., 2016).

Preparation of the AuNP-Apt-peptide complex

Solid-phase peptides were synthesized by GL Biochem. The
procedure for the preparation of the AuNP-Apt-peptide com-
plex has been previously described (Yeom et al., 2016). Briefly,
aptamer-conjugated AuNPs were pre-incubated at 80°C
for 5 min to prevent the formation of secondary structures.

AuNP-Apt"™ (5 nM) and purified hexahistidine-tagged Lys
AB2 P3 (16 uM) were incubated at room temperature in AMP-
binding buffer (25 mM Tris-hydrogen chloride [HCI], pH
8.8, and 25 mM sodium hydroxide [NaOH]), which was
equilibrated in 1 x phosphate-buffered saline (PBS) (137 mM
sodium chloride [NaCl], 2.7 mM potassium chloride [KCI],
2 mM potassium dihydrogen phosphate [KH,PO,], pH 7.4,
10 mM disodium hydrogen phosphate [Na,HPO,]) for 10
min. The pH of each solution was adjusted using HCI.

Binding capacity assay

The procedure for the binding capacity assay has been pre-
viously described (Yeom et al., 2016). Briefly, AuNP-Apt"™®
(5 nM) was hybridized with increasing concentrations of
AMP (0, 1, 2, 4, 8, and 16 uM), and the resulting conjugates
were resolved by tricine-sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (Tricine-SDS-PAGE) and analyzed
by western blotting. The membranes were immunoblotted
with anti-His antibody (Santa Cruz Biotechnology; Qiagen).
The signal was developed with an electrochemiluminescent
reagent. Band intensity was measured using Quantity One
software (Bio-Rad).

Antibacterial assay

Acinetobacter baumannii C078 cells were cultured at 37°C
in tryptic soy broth (TSB) medium, and the minimum in-
hibitory concentration (MIC) of each peptide was determined
using microdilution assays (Jiang et al., 2019). Briefly, two-
fold serial dilutions covering a range from 1-16 uM for each
peptide were added to duplicate bacteria-containing media
(1 x 10° colony forming units [CFU]/ml) in the mid-loga-
rithmic phase of growth. The samples were then incubated
for 18-24 h at 37°C. After incubation, MICs were determined
as the lowest concentration of peptide based on ODgy mea-
surements of the cultures.

Stability of peptide in serum

The aqueous peptide (50 uM) and AuNP-Apt-peptide (50 (M)
complexes were incubated in Dulbecco’s modified Eagle’s
medium (DMEM) (Welgene) containing 10% (v/v) fetal bo-
vine serum (FBS) (Welgene) at 37°C. After 0, 3, 6,9, and 12 h,
each peptide and serum were separated Tricine-SDS-PAGE
and analyzed by western blotting.

Mammalian cell culture

HeLa (human cervical carcinoma) cells were cultured in DMEM
(Welgene) supplemented with 10% (v/v) FBS (Welgene) and
1% (v/v) penicillin-streptomycin (Welgene) at 37°C with
5% (v/v) carbon dioxide (CO,) in humidified air.

Cytotoxicity assay

The procedure for the cytotoxicity assay has been previously
described (Yeom et al., 2016). Briefly, HeLa (1.2 x 10*/well)
cells were plated and cultured for 18-24 h in 96-well culture
dishes. Subsequently, cells were incubated for an additional
24 h with peptides in the culture medium. Cell viability assay
was performed using a CellTiter-Glo® luminescent cell via-
bility assay kit (Promega).
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In vitro infection assay: viable intracellular bacteria cell count
assay

HelLa cells (1 x 10°/well) were plated and cultured in 24-well
plates for 18-24 h. HeLa cells were infected with A. baumannii
for 30 min at a 1:10 multiplicity of infection (MOI). The cells
were then washed twice with DMEM containing 50 mg/ml
gentamicin (Gibco™, Invitrogen). Next, the cells were in-
cubated in DMEM medium containing 10% (v/v) FBS with
the AuNP-Apt-AMP complex or control reagents for 5 h.
To remove any remaining antimicrobial peptides and extra-
cellular bacteria, the cells were washed three times with 1 x
PBS. Then, HeLa cells were lysed in a PBS solution contain-
ing 1% (v/v) Triton X-100 to release of intracellular bacteria
from the cells. The bacterial cells were then diluted in PBS and
plated onto TSB plates to determine the number of CFU.
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In vitro infection assay: infected cell viability assay

HeLa cells (1 x 10°/well) were seeded and grown in 24-well
cell culture plates for 18-24 h. HeLa cells were then either
treated with the buffer or infected with A. baumannii for
30 min at a 1:10 MOL The cells were washed twice with 1 x
PBS, once with DMEM medium containing 50 mg/ml gen-
tamicin (Gibco™). Then, the cells were cultured in DMEM
medium containing 10% (v/v) FBS with the AuNP-Apt-AMP
complex or control reagents for 24 h. The cells were detached
by trypsin-ethylenediaminetetraacetic acid (EDTA), and vi-
ability was measured by Trypan Blue (TB) dye exclusion
assay.

Animals
Seven-week-old female ICR mice (DBL), weighing 18-20 g,
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Fig. 1. Preparation of AMP delivery system via AuNP-Apt"™ conjugates.
(A) Schematic diagram illustrating the process of His-tagged Lys AB2
P3 (Lys AB2 P3™*) loaded on His-aptamer-functionalized gold nano-
particle (AuNP-Apt'™), and the delivery of Lys AB2 P3"" to Acineto-
bacter baumannii-infected host. (B) The binding capacity of AuNP-Apt'™
to Lys AB2 P3™* was determined. The indicated concentrations (0, 1, 2,
4, 8,and 16 uM) of Lys AB2 P3¢ were incubated with AuNP—AptHis 5
nM) by simple mixing, followed by incubation for 10 min. AuNP-Apt™*-
bound Lys AB2 P3™* (bound Lys AB2 P3"*) were analyzed by Tricine-
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Tricine-SDS-
PAGE) and immunoblotting using His antibody. The amounts of Lys
AB2 P3™ bound to AuNP-Apt™ was analyzed by quantification of sig-
nal intensity of the band and compared with the standards where known
amounts of Lys AB2 P3™* (total Lys AB2 P3"™) were electrophoresed.
The dissociation constant (Kp) value was determined using the slope of
the graphs gresented. (C) Stability of Lys AB2 P3"™ and AuNP-Apt'™*-
Lys AB2 P3" in serum. Free Lys AB2 P3™ and Lys AB2 P3"* bound to
AuNP-Apt™ (AuNP-Apt™-Lys AB2 P3™) were incubated with the
serum for the indicated time, and the amount of the remaining peptide
was determined by western blotting analysis. A Coomassie-brilliant-blue
(CBB) stained gel is shown as a loading control. The results were quan-
tified and presented in graphs, and the data are the means of at least
two independent experiments + standard error of the mean (SEM).
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Table 1. Antibacterial activities of synthetic peptides and antibiotics.

Peptides Sequences M.W, MIC; (uM)
Lys AB2 P3 NPEKALEKLIAIQKAIKGMLNGWFTGVGFRRKR 3771.57 2-4
Lys AB2 p3He NPEKALEKLIAIQKAIKGMLNGWFTGVGFRRKRHHHHHH 4594.42 2-4

Antibiotics Classification MW, MIC; (uM)
Ampicillin Penicillins 349.4 > 256
Erythromycin Macrolides 733.9 > 256

M.W,, molecular weight.
MIC, minimal inhibitory concentration.

were used for in vivo studies. Mice were housed in a room,
which was maintained at a humidity of 30-40% (v/v) and a
temperature of 22 + 1°C. The lighting in the room was on a
12-h light/12-h dark cycle (12L:12D). All experimental pro-
cedures were reviewed and approved by the Chung-Ang Uni-
versity Support Center for Animal Experiments, and all re-
search methods have been conducted in accordance with the
guidelines and regulations. Animal handling guidelines were
approved by the Chung-Ang University Institutional Animal
Case and Use Committee (Approval #CAU2020-00115).

In vivo infection assay

Thirty min after the bacterial challenge, AuNP-Apt-AMP com-
plexes (3 mg/kg) and control reagents were intraperitoneally
injected twice in 2 h. The mice were carefully monitored after

infection and euthanized immediately if they became mori-
bund.

In vivo infection assay: viable bacterial cell count assay

Inoculation of A. baumannii C078 was grown in TSB until
the mid-log phase and washed with PBS. All mice were de-
prived of food and water for 4-18 h before bacterial infection.
The mice were then infected with 100 ml of PBS containing
1 x 10° CFU of A. baumannii intraperitoneally (i.p.). Thirty
min after the bacterial challenge, AuUNP-Apt-AMP complexes
(3 mg/kg) and control reagents were injected i.p. once a day.
Five h after the bacterial challenge, control, Lys AB2 P3"",
or AuNP-Apt™-Lys AB2 P3"*-treated mice were killed, and
the spleen and lungs were removed. The organs were weighed,
gently washed in PBS, and then homogenized separately.
Homogenates were plated on TSB agar. Plates were incubated
at 37°C overnight, and colonies counted. Results are expressed
as the number of CFU/g. This assay was repeated three times.

Statistical analysis

Data were presented as mean + standard error of the mean
(SEM). Student’s t-test (Excel; Microsoft Corp.) was used,
and P < 0.05 was considered statistically significant.

Results

Antibacterial activity of Lys AB2 P3"™ against A. baumannii

The C-terminal end of Lys AB2 P3 was tagged with hexahi-
stidine (His) to load Lys AB2 P3 onto the AuNP-Apt™ con-
jug{ate via interaction of a His-tagged Lys AB2 P3 (Lys AB2
P3") with a His aptamer (Apt'™) (Fig. 1A). The bactericidal

activity of Lys AB2 P3"" against A. baumannii was tested by
measuring the MICs. The MICs of Lys AB2 P3"* for A. bau-
mannii strains were in the range of 2—-4 uM, which were much
lower than those of ampicillin and erythromycin, indicating
higher antibacterial activity of Lys AB2 P3" (Table 1). His
tagging of Lys AB2 P3 did not alter the MIC of A. baumannii.

In vitro antibacterial action of the AuNP-Apt-Lys AB2 P3"*
complex on A. baumannii-infected mammalian cells
To apply the tagged-AMP delivery system using AuNP-Apt'™,
we first checked the binding affinity of Lys AB2 P3™ to
AuNP-Apt™*. The results showed that approximately 50-55%
of the Lys AB2 P3"" in the reaction mixture were bound to
AuNP-Apt"™ (Fig. 1B). Under these reaction conditions, the
dissociation constant (Kp) for the AuNP-Apt™-Lys AB2 P3"*
complex was estimated to be 4.7 uM. We further tested whether
the stability of Lys AB2 P3" could be improved when loaded
onto AuNP-Apt™ by measuring the amount of intact Lys
AB2 P3"™in the serum during 12 h of incubation. Detection
of Lys AB2 P3™* by western blotting showed a sharp decrease
in intact Lys AB2 P3"* when not loaded onto AuNP-Apt"™,
and as a result, ~60% of the peptide degraded after 3 h incu-
bation in the serum (t, = 2.44 h) (Fig. 1C). The degradation
of Lys AB2 P3"*loaded onto AuNP-Apt"™ conjugates in the
serum was slower than that of Lys AB2 P3"* itself: ~70% of
Lys AB2 P3"" remained in serum after 3 h of incubation.
These results suggest that AuNP-Apt'™ contributes to impro-
ving the stability of Lys AB2 P3"*, ‘ ‘

To examine the effects of AuNP-Apt™-Lys AB2 P3"™ on
A. baumannii-infected cells, we first evaluated the cytotoxicity
of AuNP-Apt"™-Lys AB2 P3"*in HeLa cells. The results of
the cell viability assay in mammalian cells showed that Lys
AB2 P3"* and AuNP-Apt"™*-Lys AB2 P3"* did not exhibit
cytotoxicity against HeLa cells (Fig. 2A). Next, we treated A.
baumannii-infected HeLa cells with the buffer, Lys AB2 P3,
Lys AB2 P3", AuNP-Apt'™, or AuNP-Apt'™*-Lys AB2 P3"*
for 5 h. Viable intracellular A. baumannii cells were counted
by measuring the CFUs. The number of intracellular A. bau-
mannii cells in the AuNP-Apt"™*-Lys AB2 P3""-treated cells
was approximately 50% lower than that in the AuNP-Apt'™-
treated cells (Fig. 2B). The treatment of A. baumannii-infected
HelLa cells with Lys AB2 P3"* alone resulted in an approxi-
mately 25% reduction in viable intracellular bacteria than
that in the buffer-treated HeLa cells, indicating the ability of
Lys AB2 P3"™ to inhibit the growth of intracellular A. bau-
mannii cells, as has been previously reported for Lys AB2 P3
(Peng et al., 2017). These results show that AluNP-AptHls con-
jugates can efficiently deliver Lys AB2 P3"" into HeLa cells
and, consequently, enhance their bactericidal activity against
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intracellular A. baumannii cells.

We further examined whether the treatment of A. bau-
mannii-infected HeLa cells with AuNP-Apt"*-Lys AB2 P3"*
can lead to increased cell viability. A. baumannii-infected
Hela cells were treated with the buffer, AuNP-Apt™, Lys
AB2 P3", or AuNP-Apt™*-Lys AB2 P3", and viable HeLa
cells were counted by trypan blue exclusion assay after 24 h
(Fig. 2C). In the case of AuNP-Apt'™*-Lys AB2 P3""-treated
cells, the number of surviving HeLa cells increased more than
3.6-fold compared to the cells treated with only buffer 24 h
post-treatment. This result is compatible with that of HeLa
cells uninfected with A. baumannii. When treated with AuNP-
Apt'™ or Lys AB2 P3'"™ only, the number of viable HeLa cells
24 h post-infection was reduced by approximately 80% com-
pared to uninfected cells. Taken together, these results showed
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Fig. 2. Antibacterial effect of AuNP-Apt"*-Lys AB2 P3"* on A. baumannii-
infected host cells. (A) The cytotoxicity of Lys AB2 P3" or AuNP-Apt™*-
Lys AB2 P3"* on HeLa cells was assessed by cell viability assay. HeLa cells
were incubated with increasing concentrations of Lys AB2 P3 or AuNP-
AptHis-Lys AB2 P3His for 24 h. Relative cell viability was calculated as the
ratio of Lys AB2 P3"™ or AuNP-Apt"*-Lys AB2 P3"™ against those of the cor-
responding control group, buffer-only sample or AuNP-Apt™*-only, respec-
tively. Data are shown as the mean + SEM from three independent experiments.
(B) A. baumannii-infected HeLa cells were incubated with the buffer, AuNP-
Apt'™, Lys AB2 P3"™, or AuNP-Apt"™*-Lys AB2 P3"" for 5 h. Then, the viable
intracellular A. baumannii cells were counted, and the results are indicated
as percentages of viable intracellular cells compared to the buffer-only sample.
The final concentrations of Lys AB2 P3"™* and AuNP-Apt'™ used were 20 uM
and 5 nM, respectively. Asterisks indicate the statistically significant values
(*P < 0.05, P < 0.01). ns, not significant. (C) Antimicrobial activity of intra-
cellularly delivered antimicrobial peptides (AMPs) using AuNP-Apt™ con-
jugates on A. baumannii-infected HeLa cells. HeLa cells were infected with
A. baumannii for 30 min. A. baumannii-infected HeLa cells were incubated
with the buffer, AuNP-Apt"™, Lys AB2 P3™, or AuNP-Apt™*-Lys AB2 P3"".
The of Lys AB2 P3" and AuNP-Apt™ were 20 uM and 5 nM, respectively.
After 24 h, viable HeLa cells were counted by trypan blue dye exclusion staining.
Data represent the mean + SEM from two independent experiments. Asterisks
indicate the statistically significant values (*P < 0.05). ns, not significant.

an increase in the intracellular antibacterial activity of Lys
AB2 P3"™ by AuNP-Apt™ conjugates and, consequently, in
the viability of A. baumannii-infected HeLa cells.

In vivo bactericidal action of the AuNP-Apt-Lys AB2 P3"*
complex in A. baumannii-infected mice

To investigate whether this system can be applied to animals
as an antibacterial therapy, we utilized a mouse model of A.
baumannii infection. First, mice were infected via the intra-
peritoneal injection of A. baumannii (1 x 10° CFU), and the
spread of A. baumannii cells in the organs of mice, including
the liver, lung, and spleen, was monitored for 4 h after ino-
culation. As shown in Fig. 3A, inoculated A. baumannii cells
sufficiently colonized these organs as early as 30 min. Next,
to verify the in vivo treatment effect of AuNP-Apt'*-Lys AB2
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Fig. 3. In vivo activity of Lys AB2 P3" via AuNP-Apt"™ conjugates on A. baumannii
infected mice. (A) Distribution of A. baumannii in the organs of mice after intraperitoneal
injection of A. baumannii (1 x 10* CFU). The mice were sacrificed at indicated time
points. (B) Schematic illustration of in vivo mice experiment is presented at the top.
The survival percentage of A. baumannii-infected mice after treatment with the buf-
fer, AUNP-Apt™ (5 nM), Lys AB2 P3"* (3 mg/kg), or AuNP-Apt™*-Lys AB2 P3"* (3
mg/kg of AMP loaded onto 5 nM of AuNP-Apt ) until 24 h after infection has been
presented. Eight mice were used for each group. All quantified data represent the mean
+ SEM from two independent experiments. Asterisks indicate the statistically significant
values (*P < 0.05, **P < 0.001). (C) In vivo bactericidal efficacy of AuNP—AptH‘S—Lys
AB2 P3™ was confirmed by examining the viable A. baumannii counts in the s]gleen
isolated from the A. baumannii-infected mice treated with PBS, Lys AB2 P3"", or
AuNP-Apt™-Lys AB2 P3"*, Two mice were used as a group, and the mice were sac-
rificed 5 h after A. baumannii infection. Data represent the mean + SEM from three
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]
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o

& g_br" 3“2 “_gb independent experiments. Asterisks indicate the statistically significant values (*P <
& ¥ 0.05). ns, not significant.

P3"™, 30 min after inoculation of A. baumannii cells, the
buffer, AuNP-Apt™, Lys AB2 P3", or AuNP-Apt"*-Lys AB2
P3™* were injected twice with an interval of 2 h (Fig. 3B).
Then, the survival rate of the mice was observed for 25 h. All
infected mice injected with buffer or AuNP-Apt"™ died be-
fore 13 h post-infection. In contrast, more than 70% of the
infected mice survived for up to 25 h when treated with
AuNP-Apt"*-Lys AB2 P3". In mice injected with Lys AB2
P3"" alone, the survival rate was slightly Eher than that in
mice injected with the buffer or AuNP-Apt " alone, resulting
in a 20% survival rate up to 25 h post-infection. To exam-
ine whether the increased survival rate of A. baumannii-in-
fected mice when treated with AuNP-Apt"™-Lys AB2 P3""
stems from the inhibition of A. baumannii growth, the num-
ber of viable A. baumannii cells was measured in homoge-
nates of these mice at 5 h post-infection (Fig. 3C). In mice
treated with AuNP-Apt"™*-Lys AB2 P3", the number of via-

ble A. baumannii cells in the spleen was reduced by 3.5-fold
compared to that in mice treated with the buffer. These results
demonstrate that the intraperitoneal injection of Lys AB2
P3"-loaded AuNP-Apt"™ conjugates was effective in pre-
venting the colonization of A. baumannii cells in mice, which
consequently increased the survival of A. baumannii-infected
mice.

Discussion

In recent years, Acinetobacter species, particularly A. bau-
mannii, have become “red alert” human pathogens, owing
to their ability to develop resistance to all currently available
antibiotics (Cerqueira and Peleg, 2011). It is suspected that
the existence of intracellular A. baumannii cells is a reason
for the decrease in the therapeutic efficacy of antibiotics due
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to the poor uptake of the compounds into infected host cells
(Darouiche and Hamill, 1994; Choi et al., 2008; Gaddy et al.,
2009; Xiong et al., 2014; Lehar et al., 2015). Therefore, there
is a need for more effective antibacterial agents and their
delivery systems for the treatment of infections with MDR
strains of A. baumannii.

The broad-spectrum activity, hydrophobicity, and rapid kill-
ing kinetics of AMPs result in enhanced selectivity and acti-
vity against pathogens, making them attractive antimicro-
bial agents (Almaaytah et al., 2017; Ryu et al., 2021). However,
there are limitations in the development and clinical use of
AMPs, such as low antimicrobial target selectivity, high sys-
temic toxicity, low stability, and the lack of an efficient in vivo
delivery system for AMPs (Marr et al., 2006; Yeung et al.,
2011; Kang et al., 2014).

In this study, we used an AuNP-Apt conjugate-based deli-
very system (Yeom et al., 2016; Lee et al., 2017) to overcome
the limitations of current delivery systems for AMPs. We
showed that the growth of A. baumannii can be effectively
and efficiently inhibited in mice through the combination of
the A. baumannii-targeting peptide Lys AB2 P3"™* and the
AuNP-Apt delivery system. Thus, using the AuNP-Apt de-
livery system, the in vivo delivery strategy-binding to a spe-
cific bacterium-targeting AMP-can be applied to various other
MDR bacteria, such as P. aeruginosa and S. aureus. For better
application of the AuNP-Apt delivery system, further studies
are needed to discover DNA aptamers that can specifically
bind to AMPs to minimize changes in the antibacterial ac-
tivity by adding a tag (e.g., hexahistidine) to AMPs.
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