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ABSTRACT: There is an urgent requirement for a novel
treatment strategy for drug-resistant Staphylococcus aureus (S.
aureus) infection. Antisense antimicrobials are promising anti-
microbials, and efficient drug delivery systems are necessary for the
further development of antisense antimicrobials. To develop new
antisense drugs and further improve delivery efficiency and safety,
we designed and screened new antisense sequences and optimized
dendritic polypeptide nanoparticles (DP-AD) discovered in
previous studies. The N/P ratio is optimized from 8:1 to 6:1,
and the positive charge number of the optimized DP-AD is studied
comprehensively. The results show that the N/P ratio and positive charge number have no significant effect on the particle size
distribution and transport efficiency of DP-AD. Reducing the N/P ratio can significantly reduce the cytotoxicity of DP-AD, but it
does not affect its delivery efficiency and antibacterial activity. However, in drug-resistant strains, the antibacterial activity of DP-
AD76:1 with 10 positive charges is higher than that of DP-AD86:1 with 8 positive charges. Our research discovered a novel ASOs
targeting f tsZ and concluded that DP-AD76:1 with 10 positive charges was the optimal choice at the current stage, which provided a
promising strategy for the treatment of drug-resistant S. aureus.

1. INTRODUCTION
In recent years, the rapid detection and reporting of drug-
resistant bacteria caused by the abuse of antibiotics as well as
the slow development of novel antibiotics have made it difficult
for human beings to treat bacterial infections. Staphylococcus
aureus (S. aureus), the leading cause of community-associated
infections,1 can lead to many lethal infectious diseases, such as
endocarditis, pneumonia, and bacteremia.2−4 What’s worse, it
has been reported that methicillin-resistant S. aureus (MRSA)
accounts for about 25−50% of S. aureus infections in hospitals,
leading to substantial morbidity and mortality and a huge
economic burden.5−7 To combat multidrug-resistant bacterial
infections, many novel strategies have been developed, such as
phage therapy, cationic antimicrobial peptides, and antibacte-
rial polymers. However, these strategies face drawbacks such as
effectiveness in complex infection, selectivity, toxicity, and
stability.8−12 Therefore, there is a pressing need to develop
innovative antibacterial strategies for treating MRSA infections.
Antisense antimicrobials are macromolecular biologic drugs

consisting of at least eight antisense oligonucleotides (ASOs)
in length that bind to the target RNA and regulate RNA
function through several different mechanisms.13,14 ASOs exert
antibacterial activity by interfering with the expression of
targeted genes, such as the survival essential, virulence, or drug
resistance-related genes, by the principle of complementary
pairing of Watson−Crick nucleic acid bases.15 Compared with

traditional antibiotic therapy, antisense antimicrobial agents
have the advantages of a clear target, lower cytotoxicity, and a
relatively fixed development model, which make a quick
response to newly detected drug-resistant bacterial strains
possible.16−18 Antisense strategy has seen substantial progress
in the treatment of mammalian disease, 10 antisense drugs
have been approved by the FDA for the treatment of different
types of diseases, for example, nusinersen for spinal muscular
atrophy.16,19 However, because of the high molecular weight
and negative charges of the antisense cargos, the development
of an antisense antibacterial strategy was relatively dropped
behind and remained in laboratory research; a high-efficiency
delivery system for ASOs in bacteria was the critical challenge
that needed to be tackled.
The nanoparticle carriers are considered to be able to

effectively improve the delivery efficiency of drugs in bacteria
and enhance the antibacterial activity against drug-resistant
strains.20 Ye et al. found that combining antisense lncRNA of
MDC1 and Oxaliplatin with cationic liposomes to form a

Received: January 4, 2024
Revised: March 29, 2024
Accepted: April 1, 2024
Published: April 30, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

20966
https://doi.org/10.1021/acsomega.4c00114

ACS Omega 2024, 9, 20966−20975

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaoyao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zul+Kamal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yamiao+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyan+Xue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuting+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingkai+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhou+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c00114&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00114?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00114?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00114?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00114?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00114?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/19?ref=pdf
https://pubs.acs.org/toc/acsodf/9/19?ref=pdf
https://pubs.acs.org/toc/acsodf/9/19?ref=pdf
https://pubs.acs.org/toc/acsodf/9/19?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


targeted co-delivery system could effectively improve the
delivery efficacy of the cargos in cervical cancer,21 but the low
encapsulation rate and high cytotoxicity of liposomes made it
difficult to further applied and studied in bacteria.22−24

Tetrahedral DNA nanostructures were another novel antisense
delivery system that had low cytotoxicity and immunogenicity.
It has been reported that tetrahedral DNA could deliver ASOs
into bacteria and inhibit bacterial gene expression in a
concentration-dependent manner as a delivery system.
However, the relatively low drug loading capacity, as well as
the absence of the antisense effect in vivo and the safety study,
limited the further study and application of this vehicle.25−27

Cell-penetrating peptides attracted enormous interest as an
ASOs delivery system as it could combine ASOs by both
covalent and noncovalent methods. However, only neutral
ASOs such as peptide nucleotide (PNA) could be delivered by
the covalent method,28 while the noncovalent method was
limited by the poor stability and lower cellular uptake
efficiency in bacteria.29 In summary, the lack of a delivery
system deeply hampered the further research and application
of ASOs in bacteria.
Dendritic polypeptides (DPPs), as a dendritic hyper-

branched structure, can be designed to be a more efficient
drug transport vehicle by changing the functional group of the
hydrophilic or hydrophobic region.30 In our previous work, we
designed a series of DPPs to form nanocomplexes with ASOs
by noncovalent interaction, followed by stabilizing by DSPE-
mPEG2000 to get the nanodelivery system (DP-AD). DP-
AD78:1 and DP-AD88:1 were screened, which could effectively
deliver ASOs into different bacterial strains and achieve
effective antibacterial activity both in vitro and in vivo.31 It has
been reported that the number of positive charges and N/P
ratio (the number of free amino groups in DPP to the number
of nucleotides in ASOs) have a significant effect on the
efficiency and cytotoxicity of the nanoparticle delivery
system.32−34 In order to explore new antisense targets, further
improve the delivery efficiency, and decrease the toxicity of
DP-AD, a novel ASOs targeting filamentous temperature-
sensitive mutant Z ( f tsZ), a survival essential gene encoding a
filamentous GTP enzyme in bacteria,35,36 was designed and
screened against S. aureus (ATCC29213) and MRSA (USA300
LAC). Furthermore, we optimized the N/P ratio of DP-AD
from 8:1 to 6:1 and comprehensively studied the influence of
positive charge numbers on the properties of the nanoparticles.
In summary, our research discovered a new antisense
sequence, and the optimized DP-AD76:1 showed lower
cytotoxicity and similar antibacterial activity, which shed light
on the further optimization of DPP.

2. MATERIALS AND METHODS
2.1. Materials and Reagents. Dendritic polypeptides 7

(DPP7) and DPP8 (Table S1) were synthesized by China
Peptides Co., Ltd. (Suzhou, China). Phosphorothioate-
modified ASOs, 5′-fluorescein amidites (FAM)-labeled ASOs,
and primers were synthesized by Sangon Biotech (Shanghai,
China). 1,2-Distearoyl-sn-glycero-3-phosphoethanol-amine-N-
methoxy (poly(ethylene glycol))-2000 (DSPE-mPEG2000)
was purchased from Xi’an ruixi Biological Technology Co.,
Ltd. Lipofectamine 2000 was obtained from Life Technologies
(Invitrogen, CA). Bacterial strains Staphylococcus aureus (S.
aureus ATCC29213) and methicillin-resistant S. aureus
(MRSA) (USA300 LAC), mouse brain capillary endothelial
cell line (Bend.3) and human nonsmall cell lung cancer cell

line (A549) were stored in our laboratory. FM4−64 was
purchased from Life Technologies (Invitrogen, CA).

2.2. Design and Screening of ASOs Sequences
Targeting to f tsZ. The sequences of f tsZ of S. aureus
(ATCC29213) and MRSA (USA300 LAC) were searched in
GENBANK. After BLAST alignment, RNA structure 6.4 was
used to predict the secondary structure of f tsZ mRNA, and a
series of possible ASOs were designed and synthesized. Then,
the optimal ASOs sequence was obtained according to the
bacterial growth curve experiment (Section 2.7).

2.3. Preparation of the NPs. One micromolar DP-AD76:1
and DP-AD86:1 were prepared according to the previous
work.31 Briefly, 2.25 μL of DPP and 15 μL of ASOs (20 μM)
were mixed by vertexing for 1 min at 2600 rpm and incubating
for 30 min at 37 °C to get the DPP/ASOs nanocomplex. Then,
DSPE-mPEG2000 was added to the solution, followed by
vortexing and incubation, similar to the previous step. DP-AD
with different N/P ratios and concentrations were prepared by
adjusting the molar amount of DPP. LF2000-NPs were
prepared strictly in accordance with the protocol described
in our previous study.31

2.4. Characterization of the NPs. The preparation of 1
mL of DP-AD with a concentration of 1 μM required 7.5 μL of
DPPs with 50 μL (20 μM) of ASOs and 25 μL of DSPE-
mPEG2000, and then the particle size, zeta potential, and
polydispersion index (PDI) were measured by a dynamic light
scattering meter (DLS, Marlvern Panalytical, U.K.).
Transmission electron microscopy (TEM) was adapted to

observe the morphology and solid size of DP-AD. Twenty
micromolar DP-AD with an N/P ratio of 8:1 and 6:1 were
prepared as mentioned above and dropped to the copper mesh
after by depositing for 5 min and evaporating for 2 min at
room temperature. Then, the NPs were observed by
magnifying 105× at 80 kV voltage.
Fluorescence spectrophotometry was used to measure the

encapsulation efficiency. First, the FAM-labeled ASOs solution
was scanned by a fluorescence spectrophotometer to
determine the maximum excitation and emission wavelength,
and then the fluorescence intensity of the FAM-labeled ASOs
solution with a concentration ranging from 0.03 to 1 μM was
measured to establish a standard curve. Second, 1 μM DPP/
ASOs was prepared and centrifuged at 14,000g for 30 min, the
fluorescence intensity of the supernatant was measured, and
then the encapsulation efficiency of ASOs could be calculated.

2.5. Cytotoxicity Assessment In Vitro. One hundred
microliters of aliquot of Bend.3 and A549 cells in high-glucose
DMEM with 10% fetal bovine serum and 1% penicillin/
streptomycin were inoculated in a 96-well culture plate with 1
× 105/mL and cultured at 37 °C and 5% CO2 for 24 h to
ensure cell adhesion. Then, the medium was replaced with
fresh culture medium, followed by adding DP-AD into the
culture medium to achieve a final concentration of 1 and 4 μM,
respectively. After incubating for 24 h, the original culture
medium was removed, CCK-8 solution was added to each well,
and incubated in a 5% CO2 incubator for 1 h. The absorbance
of each well was measured by enzyme-linked immunosorbent
assay (Bio Rad) at 450 nm, and the cell survival rate was
calculated. The cell without any treatment was used as a
control.

2.6. Delivery Efficiency of the DP-AD Delivery
System. FAM-labeled ASOs were used to prepare DP-AD
solutions with different N/P ratios. Three hundred microliters
of DP-AD was mixed with the same volume of S. aureus
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(ATCC29213) and MRSA (USA300 LAC) solution (106
CFU/mL), respectively. Then, the mixtures were incubated
at 37 °C for 1 h and centrifuged at 2500g for 5 min. Then, the
supernatant was discarded and the mixture was washed with
500 μL of PBS twice and resuspended with 100 μL of PBS. BL
1 channel (green) of flow cytometry (Bioscience) was adapted
to detect the positive ratio of bacteria (that is, bacterial FAM
positive). The experimental results were analyzed using Flow
Jo 10.6.2. LF2000-NPs were used as a positive control and free
FAM-labeled ASOs were used as the negative control.
Three hundred microliters of FAM-labeled DP-ADs (0.5

μM) were mixed with 100 μL of 108 CFU/mL S. aureus
(ATCC29213) and MRSA (USA300 LAC) solution, respec-
tively, and incubated for 0.5 h at 37 °C in the absence of light.
The mixture was then centrifuged at 5000g for 5 min, washed,
and resuspended twice with 500 μL of PBS, followed by a final
resuspension in 100 μL PBS. Five microliters of FM4−64 (200
μg/mL) was incubated with the bacterial solutions for 1 min
on ice for staining. After centrifuging and washing twice with
500 μL PBS, the bacteria were resuspended in 50 μL of PBS.
Then, 10 μL of the bacterial solution was applied onto a slide,
air-dried, and sealed with 5 μL of a tablet sealant and then
observed by using lattice-structured illumination microscopy
(SIM, Elyra 7).

2.7. Bacterial Growth Curve Experiment. Three
hundred μmicroliters of aliquot of DP-AD solutions with
concentrations ranging from 0.5 to 4 μM were mixed with 3 ×
106 CFU bacteria in 300 μL of TSB broth. Then, the mixture
was added to three wells averagely to the 100-well culture plate
specially used for the growth curve instrument (Bio screen C
Company, U.K.) and cultured at 37 °C for 18−20 h. The
absorbance of OD600 nm was measured per hour to get the
growth curve. A 0.5 μg/mL oxacillin37 was used as a positive
control against S. aureus (ATCC29213) and MRSA (USA300
LAC), respectively. Free ASOs were used as a negative control.
The normal bacterial growth group was used as a control.

2.8. RT-PCR. According to the gene sequence of f tsZ and
16 s rRNA of S. aureus reported in the Genebank, the primers
were designed and synthesized by Sangon Biotech Co., Ltd.
The primers used were as follows: S. aureus 16 s rRNA forward
5′-GCTGCCCTTTGTATTGTC-3′ and reverse 5′-
AGATGTTGGGTTAAGTCCC-3′, f tsZ forward 5′-ATCGC-
TATCAACACAGACGGTCAAG-3′ and reverse 5′-TAC-
CAGTTCCGCCACCCATACC-3′. The bacterial solution
(about 3 × 106 CFU) was incubated with 1 μM DP-AD at
37 °C for 4 h. Total bacterial RNA was extracted by Trizol
(Invitrogen Company, California). RNA was reverse tran-
scribed using a reverse transcription kit and quantitative kit
(Mei5 Biotechnology Co., Ltd.), and then the cDNA was
quantified by a real-time Q-PCR system (Mx3005P, Agilent
Stratagene, La Jolla, CA). All of the operations were carried out
strictly according to the operation protocol. The normal
bacterial growth group was used as a control.

2.9. Statistical Analysis. Results were expressed as mean
± SD. Statistical significance was performed with GraphPad
Prism 8.3.0. Differences between the two groups were
compared using t tests.

3. RESULTS
3.1. Design and Screening of ASOs Sequences

Targeting to f tsZ. BLAST alignment results showed that
the homology in different S. aureus strains of f tsZ, an essential
gene for the growth of bacteria, was up to 99% (Table S2 and

Figure S1), indicating that f tsZ was an appropriate target gene.
RNA structure 6.4 was used to predict the secondary structure
of f tsZ (Figure 1A), 7 antisense sequences were designed based

on the principle of minimum free energy (Table S3), and the
growth curve experiment was adopted to screen the antisense
sequence with the best inhibitory effect. Finally, AS0515,
targeting the free region in the secondary structure of f tsZ
(Figure 1A), showed the highest antisense antibacterial
activity, which was used in the follow-up experiment (Figure
1B).

3.2. Optimization of DP-AD. Our group previously
designed a series of dendritic polypeptides (DPPs) as carriers
to deliver ASOs into bacteria. DPP formed spherical DPP/
ASOs nanoparticles with 10-nucleotide ASOs by electrostatic
and hydrophobic interactions, followed by decoration by
DSPE-mPEG2000 to form a DP-AD delivery system. As a
result, the amphipathic DPP7 and DPP8 containing 8−10
positive charges and 2 histidine residues showed high delivery
efficiency and antisense antibacterial activity both in vitro and
in vivo.26,31 It has been reported that the N/P ratio significantly
influences the delivery efficiency and cytotoxicity of nano-
particles.33,34 Meanwhile, the number of positive charges on
the surface of nanoparticles would influence the interactions of
nanoparticles with the negative charges on the bacterial cell
membrane, which further influenced the delivery efficiency and
cytotoxicity.32,38,39 To optimize the DP-AD delivery system,
we decreased the N/P ratio from 8:1 to 6:1 and
comprehensively compared DP-AD76:1 and DP-AD86:1,
which contained 10 and 8 positive amine acid residues, to

Figure 1. Design and screening of antisense oligodeoxynucleotides
sequences. (A) Secondary structure of f tsZ of S. aureus and gene
fragment to which antisense sequence AS0515 complementary. (B)
The growth curve of S. aureus treated with 1 μMDP-AD was prepared
by the designed ASOs sequences. The optimal antisense sequence was
AS0515. The bacterial growth group without any treatment was used
as a control.
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further study the influence of N/P and positive charge number
on the delivery efficiency and safety of DP-AD.

3.3. Characterization of DP-AD. DP-ADs with different
N/P ratios were prepared by two-step protocols as described
above. The DLS results showed that the size of DP-AD76:1 and
DP-AD86:1 were both less than 150 nm, PDI (polydispersion
index) was less than 0.4, the ζ potentials were between 14.5
and 17.3 mV (Figure 2A and Table S4). TEM further showed
that the nanoparticles with different N/P ratios were spherical,
with diameters smaller than 100 nm (Figure 2B and Table S4).
Further, both the results showed that the size of DP-AD86:1
was slightly smaller than that of DP-AD76:1, while the change
of the N/P ratio had little effect on the particle size and
morphology in the nanoparticles (Figure S1). The fluorescence
spectra of 0.5 μM free ASOs showed that the maximum
excitation wavelength and maximum emission wavelength were
approximately 488 and 517 nm, respectively (Figure 2C).
Fluorescent spectrophotometry was adapted to measure the
encapsulation of ASOs, and the results indicated that the
encapsulation efficiency was all above 90% (Figure 2D,E),
showing no significant difference between different DP-AD
with different N/P ratios.

3.4. Cytotoxicity of DP-AD. CCK-8 assay was adapted to
detect the cytotoxicity of DP-AD in Bend.3 and A549 cells.
After treatment with DP-AD76:1 or DP-AD86:1, the viability of

these cells was significantly increased compared with DP-
AD78:1 and DP-AD88:1. Also, at its concentration of 1 μM,
there was no significant difference from the control. However,
cell viability decreased significantly with the concentration of
nanoparticles increasing from 1 to 4 μM but remained above
70% (Figure 3). These results showed that reducing the ratio
of N/P is beneficial to cell viability, and there is no significant
difference in the cytotoxicities of DP-AD76:1 and DP-AD86:1,
which initially improves the safety of antisense antimicrobial
agents.

3.5. Delivery Efficiency of ASOs by DP-AD. As reported,
the N/P ratios would impair the delivery efficacy of
polypeptide delivery system.34 We investigated whether
reduced N/P in the DP-AD affected the delivery efficiency
of ASOs in bacteria. Flow cytometry results showed that the
positive rates of both S. aureus (ATCC29213) and USA300
LAC treated with DP-AD with different N/P ratios were
greater than 90%. As a positive control, LF2000-NPs have
roughly the same delivery efficiency as DP-AD (Figure 4). To
further confirm the potential of DP-AD to carry ASOs into
bacteria, live imaging was conducted using an Elyra 7
microscope with a 63×/1.46 oil immersion objective. The
captured images were processed using SIM by Zeiss Zen Black
software. After incubation with FAM-labeled DP-AD in the
dark for 0.5 h, strong green fluorescence was observed in the

Figure 2. Characterization of DP-AD. (A) Particle size of DP-AD with different N/P ratios were determined by DLS. (B) Morphology and solid
size of DP-AD detected by TEM. Scale bars: 200 nm. (C) Fluorescence spectra of 0.5 μM free ASOs. (D) Standard curves of ASOs measured by
fluorescence spectrophotometer. (E) Encapsulation efficiency of ASOs by DPP with different of N/P ratios as well as different positive charges
measured by fluorescence spectrophotometry.
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cytoplasm of both bacteria (Figure 5). Collectively, reducing
the N/P from 8:1 to 6:1 does not affect the delivery of DP-AD.

3.6. Antibacterial Efficacy of DP-AD In Vitro. In order
to verify the antibacterial efficacy of the nanoparticles, DP-
AD76:1 and DP-AD86:1 targeting f tsZ were prepared to
measure the growth curve of S. aureus (ATCC29213) and
MRSA (USA300 LAC). The results showed that DP-AD76:1
and DP-AD86:1 could effectively inhibit the growth of S. aureus
(ATCC29213) in a concentration-dependent manner (Figure
6A,B). DP-AD76:1 and DP-AD86:1 showed a lower antibacterial
activity in USA300 LAC, in which DP-AD76:1 needed a higher
concentration, up to 4 μM, to entirely inhibit the bacterial
growth, while DP-AD86:1 did not show significant antibacterial
activity with the same concentration (Figure 6C,D). Thus, the
antibacterial activity of DP-AD76:1 was better than that of DP-
AD86:1, although the antibacterial activity of DP-AD76:1 was
similar to that of DP-AD86:1 in sensitive strains.
To further confirm the antibacterial activity of DP-AD, RT-

PCR was adapted to detect the f tsZ expression of S. aureus
(ATCC29213) and USA300 LAC treated by DP-AD targeting
f tsZ. The results showed that DP-AD76:1 could significantly
inhibit the expression of targeted genes in S. aureus
(ATCC29213) in a concentration-dependent manner com-
pared to the mismatch group, which was basically consistent
with the growth curve results. DP-AD86:1 also showed similar
results to growth curve results, namely, significant inhibition of
the f tsZ gene expression was observed in S. aureus
(ATCC29213) but not in the USA300 LAC (Figure 7).
Collectively, DP-AD76:1 with 10 positive charges showed
significant antibacterial activity in both S. aureus

(ATCC29213) and USA300 LAC, while DP-AD86:1 with 8
positive charges could only inhibit the growth and gene
expression of S. aureus (ATCC29213) but showed no
significant activity in the drug-resistant USA300 LAC.

4. DISCUSSION
As the increasing detection rate of multidrug-resistant S.
aureus, the need for developing a novel antimicrobial strategy is
urgent. Antisense antibacterial agent was a promising strategy
for drug-resistant bacterial infection because of advantages
such as high specificity and quick response for new drug-
resistant bacterial strains. The significant progress in
mammalian cells has revitalized the antisense antibacterial
strategy.40 However, the further development and application
of the antisense antibacterial strategy was limited by the
delivery system. We showed that the amphipathic DPP7 and
DPP8 with 8−10 positive charges and 2 histidine residues
could effectively encapsulate and deliver ASOs into different
bacteria and further exhibited antisense antibacterial activity in
our previous study.31

The ideal target gene of ASOs should be the key gene for
bacterial survival or the drug-resistant related gene as well as
have high homology. Several novel antisense antibacterial
agents, such as PPNA06 and PS-ODN04, could inhibit
bacterial growth or restore the sensitivity to antibiotics by
targeting survival essential gene rpoD or the drug-resistant gene
mecA, respectively.41,42 f tsZ codes the filamentous GTP
enzyme, a survival essential protein in S. aureus, and had
homology up to 99% in different S. aureus strains, indicating
that this gene was an appropriate target of ASOs. AS0515,

Figure 3. Cytotoxicity of DP-AD. (A, B) Viability of Bend.3 cells treated with different concentrations of DP-AD. (C, D) Viability of A549 cells
treated with different concentrations of DP-AD. *P < 0.05, **P < 0.01.
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which is complementary to the free region in the RNA
secondary structure of f tsZ, showed satisfactory antibacterial
activity and was a promising antisense antibacterial agent
against drug-resistant S. aureus.
It has been reported that the number of positive charges in

peptides and the N/P ratio were the two key factors for the
delivery efficiency and safety of a nanoparticle delivery
system.34,39 The higher N/P ratio and more positive charges
in CPP were beneficial for the encapsulation and transfection

efficiency, while the decrease of positive charges in CPP or N/
P ratio could decrease the cytotoxicity.33,43 To further improve
the delivery efficiency and safety performance, the N/P ratio of
DP-AD was optimized, and the influence of the number of
positive charge amino acid residues was comprehensively
studied. When the N/P ratio was optimized from 8:1 to 6:1,
the cytotoxicity of DP-AD decreased significantly. We also
tried to decrease the N/P ratio to 4 or less, but the ASOs could
not effectively encapsulate DPP to form stable nanoparticles.31

Although DP-AD76:1 and DP-AD86:1, which showed similar
safety profiles with both N/P ratios, showed similar delivery
capabilities, DP-AD7 with 10 positive charge numbers showed
higher antibacterial activity than DP-AD8 with 8 positive
charges, which was consistent with the previous reports.38

These results provided a direction for the design of DPP.
TEM and DLS measured the different diameters of

nanoparticles. When measured by TEM, the nanoparticles
were dried, and we observed the solid state of the particles.
However, the diameter measured by DLS was the hydro-
dynamic diameter. Generally, the solid diameter of organic
nanoparticles, such as the cell-penetrating peptides and
liposomes, was smaller than the hydrodynamic diameters
because of the dehydration process involved in the preparation
process.44 We also found that the particle size and morphology
of DP-AD86:1 are slightly smaller than that of DP-AD76:1,
which might be due to the influence of the positive charge
number. The PDI, the parameter to evaluate the size
distribution of nanoparticles, was less than 0.4, indicating
that the dispersion of nanoparticles was relatively uniform.24,45

After reducing the N/P ratio, the particle size, morphology of
DP-AD, and the encapsulation rate of ASOs had no significant
influence; flow cytometry also showed no significant difference
between the nanoparticles with the N/P ratios of 6:1 and 8:1.
These results indicated that decreasing the N/P ratio from 8:1
to 6:1 did not influence the formation and delivery capacity of
DP-AD.
The growth curve and RT-PCR results showed that DP-

AD76:1 had higher antibacterial activity than DP-AD86:1 in the
drug-resistant USA300 LAC, which had a complex drug-
resistant mechanism, although these two nanoparticles had

Figure 4. Positive rates of bacteria treated with DP-AD with different
N/P ratios measured by flow cytometry, with free ASOs and LF2000-
NPs used as negative and positive controls, respectively.

Figure 5. Elyra 7 with Lattice SIM was used to observe the uptake of DP-AD by different bacteria. (A) Uptake of DP-AD by S. aureus
(ATCC29213). (B) Uptake of DP-AD by MRSA (USA300, LAC). Scale bars: 1 μm.
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similar antisense antibacterial activities in S. aureus. There are
two possibilities to explain these results. First, the number of
positive charge amino acid residues plays a decisive role in the
antibacterial activity of the nanoparticles. Then, USA300 LAC
has a complex drug-resistant mechanism, which may increase
the excretion or degradation of DP-AD or ASOs.10 However,
the concrete mechanism remains to be further studied.
In summary, we designed and screened novel ASOs

targeting f tsZ, which showed satisfactory antisense antibacterial
activity. Then, we optimized the DP-AD delivery system to
improve its delivery efficiency and safety. The influence of the
N/P ratio and the number of positive charges on delivery
efficiency and safety have been studied deeply. The N/P ratio
had no obvious influence on the formation of DP-AD, as well

as the delivery efficiency in the tested bacterial strains;
however, the decrease in the N/P ratio could significantly
improve the safety of the nanoparticles to mammalian cells.
DPP with 8 or 10 positive charges had similar nanoparticle
profiles of size, ζ potential, delivery efficiency, and safety.
However, DP-AD76:1 with 10 positive charges had a higher
antibacterial activity than that of DP-AD86:1 with 8 positive
charges in the drug-resistant strain. Collectively, we screened a
new ASOs targeting f tsZ, and DP-AD76:1 was the optimal
choice at this stage, which may provide a new idea for the
treatment of drug-resistant strains. In the future, we will
optimize the structure and sequence of DPP7 to further
improve its delivery efficiency and safety. In addition, the
mechanism of the influence of the positive charges of DP-AD

Figure 6. Growth of bacteria treated with DP-AD. (A, B) Growth inhibition of S. aureus (ATCC29213) by DP-AD76:1 (A) and DP-AD86:1 (B) at
different concentrations. (C, D) Growth inhibition of DP-AD76:1 (C) and DP-AD86:1 (D) on drug-resistant bacteria MRSA (USA300 LAC). Free
ASOs and oxacillin were used as negative and positive controls, respectively. The bacterial growth group without any treatment was used as a
control.

Figure 7. Gene expression of f tsZ treated with DP-AD. The inhibition of f tsZ expression of S. aureus (A, B) and MRSA (USA300 LAC) (C, D)
treated with different concentrations of different DP-AD. Free ASOs wrere used as a negative control. The normal bacterial growth group was used
as a control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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on the antibacterial activity in drug-resistant bacteria was
another essential issue to be studied with the aim to provide a
turnkey platform for the treatment of drug-resistant bacteria.
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