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A B S T R A C T

To date, the antibiotics combination therapy is one of the most important approaches to eradicate the multidrug-
resistant (MDR) bacteria. Besides, in vivo antibiotics delivery systems also play an essential role in improving the
targeting and efficacy of antimicrobial therapies. Herein, we described a promising combination strategy by
using an antibiotic medication (colistin) together with its adjuvant H-89 to treat MDR bacterial infections.
Meanwhile, genetically engineered outer membrane vesicle (OMV) with single chain fragment variable (scFv) of
anti-PcrV antibody (OMV-antiPAO1) was coated to liposomal colistin and H-89 to produce biomimetic nano-
drugs (LNP-H89-Coli@OMV). In particular, the targeting, high-efficient delivery and enhanced killing abilities of
LNP-H89-Coli@OMV to MDR bacteria is attributed to the OMV-antiPAO1, which show the similar structure and
function to Gram-negative MDR bacteria and can express targeting antibody toward pcrV by the fusion of coding
region with ClyA (a surface protein in E. coli). Antibacterial experiments demonstrated that LNP-H89-Coli@OMV
was able to completely eliminate the persistent Pseudomonas aeruginosa PAO1 (>99.999999 % killing efficiency),
whereas in vivo tests showed that MDR infections were totally cured by the present liposomal drugs for the first
time. Therefore, this pilot study opened a new avenue for the development of multifunctional targeted drugs
against MDR infection, particularly the persistent PAO1.

1. Introduction

The emergence of multidrug-resistant (MDR) bacteria is now
becoming a serious threat to public health [1–3]. According to the re-
ports from WHO, 80 % of present MDR is attributed to the overuse and
misuse of antibiotics, rendering the once-effective antibiotics ineffec-
tive. In particular, with increased antibiotic resistance, the surviving
bacteria under antibiotic pressure were able to spread the drug resis-
tance widely at an alarming rate [4,5]. Herein, it is urgent to develop
new antimicrobial protocols for the treatment of infection diseases while
minimizing antibiotic dose and resistance at the individual level.
Recently, there has been considerable interest in the application of
combinational antibiotic regimens, which are designed to

simultaneously engage multiple bacterial killing mechanisms, thereby
delivering more efficacious approaches to combating multi-drug resis-
tant pathogens [6–8]. Interestingly, colistin is widely recognized as the
last-resort antibiotic against MDR Gram-negative pathogens. However,
colistin also demonstrated its unignorable side effects such as nephro-
toxicity and hepatotoxicity [9,10]. Meanwhile, N-[(2-p-bromo-cinna-
mylamino)ethyl]-5-isoquinolinesulfonamide (H-89) is able to serve as a
protein kinase A (PKA) inhibitor, inhibiting structurally related kinases
and inducing apoptosis of HeLa cancer cells [11–13]. Besides, it was
discovered that H-89 compound can inhibit bacterial growth without
compromising host cell viability [14–16]. In this study, a new combi-
nation strategy that combined colistin with its antimicrobial adjuvants
H-89 was proposed to treat infections with lower antibiotic dose. To the
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best of our knowledge, this was the first study to inspect the underlying
bactericidal mechanism of combined colistin and H-89. More specif-
ically, the combination of traditional antibiotics with various antimi-
crobial compounds [17,18] can significantly reduce the individual side
effects produced by drugs within the regimen, enhance the stability of
bactericidal activity, and prevent the emergence of drug resistance
[19,20].

In addition, biomimetic cell membrane-camouflaged nanocarriers is
an emerging natural drug carrier, demonstrating its superior capability
in improving biocompatibility and enhancing drug delivery efficiency
and disease targeting with low immunogenicity [21–23]. Herein, the
development of bacterial membrane vesicles-coated nanodrugs is also
essential in antibacterial strategies to elevate its drug penetration into
the bacteria, enhance accumulation of antibacterial drugs within the
bacteria, and decrease collateral damage to normal microbiota [24–27].

However, the use of natural cell membrane exhibits its difficulty in
precisely targeting the pathogen in infection regions [28]. By contrast,
the antibody-antibiotic conjugate (AAC) can offer antibiotics with more
precisely bactericidal capability in vivo [29]. In particular, the type III
secretion system proteins pcrV with conserved sequence exposed on the
surface of PAO1 are promising therapeutic antibody targets [30,31]. It
has been demonstrated that pcrV monoclonal antibodies were as effec-
tive as the treatment with conventional antibiotics [32]. To date, due to
the time-consuming and cost-intensive process of antibody purification,
AAC has not been applied to large-scale antibacterial studies. Therefore,
we proposed a novel targeted antibacterial strategy that was based on
engineering outer membrane vesicle (OMV) with AAC. Different from
traditional biomimetic cell membrane camouflage or AAC, genetically
engineered OMVmight exhibit considerable promise for improving drug
delivery efficiency that can specifically target the bacteria and enlarge
the therapeutic efficacy within a local region [25,33,34]. Previous
studies have illustrated the targeted advantages of engineered OMV in
cancer theranostics [35]. Likewise, genetically engineered OMV was
constructed for the present work, serving as a targeted drug delivery
system for killing MDR bacteria. Here, we engineered a msbB mutant
E. coli (strain MG1655) that fused the ClyA coding region with scFv of
bacterial antibodyMEDI3902, ensuring that OMVwas able to selectively
target PAO1 for enhanced treatment of MDR infection (Fig. 1).

Meanwhile, to overcome the poor water solubility of H-89 and
colistin, liposome were used as carriers for efficient encapsulation of the
compounds (LNP-H89-Coli). The genetically engineered OMV-antiPAO1
was coated onto the surface of the LNP-H89-Coli to produce the novel
nanaodrugs (LNP-H89-Coli@OMV). The proof-of-concept tests of LNP-
H89-Coli@OMV were carried out by using both in vitro and in vivo ex-
periments. Our findings illustrated that LNP-H89-Coli@OMV can deliver

antibiotics to the targeted infected sites with high efficacy, demon-
strating its superior bactericidal ability for the treatment of biofilm
infection and eradication of MDR bacteria like Pseudomonas aeruginosa
with a much lower dosage.

More importantly, the antibacterial mechanism of LNP-H89-
Coli@OMV was also inspected for the present work. We revealed that
colistin was able to disrupt the bacterial membrane and facilitated the
efficient entry of H-89 into cytoplasm. In addition, it was revealed that
H-89 can induce apoptosis-like bacteria death, by comprehensively
exploring the apoptosis hallmarks, including DNA fragmentation,
chromosome condensation, caspase activation, membrane depolariza-
tion, phosphatidylserine exposure, and cell filamentation. Further pro-
teomics analysis showed that H-89 might target MiaA protein for
improved bactericidal ability of LNP-H89-Coli@OMV. Meanwhile, the
genetically engineered component of LNP-H89-Coli@OMV can enhance
the treatment efficacy of biofilm infection and its targeting capability in
infected regions. In summary, a combination strategy that utilized
genetically engineered biomimetic nanodrugs was inspected for high-
efficacy elimination of MDR bacteria. Therefore, this pilot work might
open a new avenue for the development of novel targeted liposomal
drugs to kill MDR bacteria.

1.1. Design, preparation, and characterizations of LNP-H89-Coli@OMV

To synthesize LNP-H89-Coli@OMV, LNP-H89, LNP-H89 and LNP-
Coli, H-89 or (and) colistin were encapsulated in the sterically stabi-
lized liposomes (Figs. 1a and 2). Here, liposomes (LNP) were produced
with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-Dimyr-
istoyl-sn-glycero-3-phosphoglycerol (DMPG) and cholesterol, after
repeatedly extruded through 100-nm membrane by Avanti Mini-
extruder. Transmission electron microscopy (TEM) images demon-
strated that LNP-Coli (Fig. 2a), LNP-H89 (Fig. 2b), LNP-H89-Coli
(Fig. 2c) and LNP-H89-Coli@OMV (Fig. 2d) were uniformly distrib-
uted and spherical in shape with an average size of approximate 146 nm.
In particular, LNP-H89-Coli@OMV were produced with bioengineered
OMV, exhibiting a typical OMV structure of gram-negative bacteria
(Fig. 2d).

To produce OMV, we engineered Escherichia coli (E. coli) to express
the desired protein and then coated the extracted OMV onto LNP-H89-
Coli to produce LNP-H89-Coli@OMV. In addition, gene editing tech-
nology was utilized to construct the plasmid pBAD_clyA-antiPAO1-flag
(Fig. S1) and an in-frame deletion mutant of ΔmsbB in E. coli MG1655.
The fused protein ClyA- antiPAO1-flag contains three components
including variable domain of MEDI3902 antibody scFv [36] of heavy
chain and kappa chain (antiPAO1), flag tag in C-terminal (antiPAO1-

Fig. 1. The prepared LNP-H89-Coli@OMV with antibacterial activity. (a) Synthesis process of LNP-H89-Coli@OMV. (b) Schematic of LNP-H89-Coli@OMV for
targeting MDR PAO1 and treatment of skin biofilm infection by MDR bacteria.
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flag), and the bacterial outer membrane protein ClyA (ClyA-antiPAO1-
flag). Interestingly, the bispecific antibody MEDI3902 of VH and V-
kappa contained complementarity determining region CDR1, CDR2 and
CDR3, which was able to target PcrV component of the type III secretion
system [31]. Meanwhile, the knockout of msbB gene for the present
study was derived from an under-age type of pentaacylated lipopoly-
saccharide OMV, demonstrating reduced endotoxicity and side effects
[37,38].

The successful expression of ClyA-antiPAO1-flag fused protein in
ΔmsbB (pBAD_clyA- antiPAO1-flag) strain under L-arabinose inducing,
was inspected by using SDS page (Fig. S2) and Western blot (Fig. S3)
with a predicted protein weight of 63.1 kDa. Therefore, we first
extracted endotoxic OMV-antiPAO1 and identified the ClyA- antiPAO1-
flag on their surface (Figs. S4–S6). The mixture of fresh OMV and pre-
pared LNP-H89-Coli were repeatedly extruded through 100-nm mem-
brane by Avanti Miniextruder, whereas the mechanical force facilitated
membrane fusion of OMV with LNP-H89-Coli. The successful fusion was
demonstrated by SDS page and Western blot (Fig. 2e). In addition,
gradually increased nanoparticle sizes measured by DLS (Fig. 2f) and
decreased zeta potentials (Fig. 2g) further confirmed the fusion process
of LNP-H89-Coli and OMV. It was revealed that the constructed LNP-
H89-Coli@OMV had a diameter of around 156 nm while the zeta po-
tential decreased to the level of OMV. Further, the optical absorption
spectra of colistin and H-89 was measured. The absorption peaks around
330 nm also illustrated the successful loading of colistin and H-89 in
liposome (Fig. 2h). Besides, the loading or encapsulated rate of H-89
and/or colistin inside LNP-H89, LNP-Coli and LNP-H89-Coli was
respectively examined and listed in Fig. S7 and Table S1. Meanwhile, to

inspect the efficacy of drug release, a number of experiments were
carried out at 37℃with 200 rpm. It was revealed that the release rate of
H-89 and colistin in LNP-H89-Coli@OMV can be up to 60 % at 12 h,
respectively. (Fig. 2i and j). More specifically, we demonstrated that at
4 ◦C storage, the H-89 and colistin leakage in LNP-H89-Coli@OMV was
less than 5% after one-week storage while that was less than 8% after an
extended storage period of 40 days (Figs. S8 and S9). DLS and zeta po-
tentials results further demonstrated that LNP-H89-Coli@OMV were
with excellent stability in water or physiological medium (Figs. S10 and
S11), exhibiting their potential for in vivo applications.

1.2. In vitro bactericidal ability of LNP-H89-Coli@OMV against MDR
bacteria

In this section, in vitro tests were carried out for LNP-H89-Coli@OMV
to inspect its antimicrobial ability against antibiotic-resistant bacteria.
The structure of LNP-H89-Coli@OMV mainly consists of two compo-
nents, namely H-89 and colistin. To examine the synergism between H-
89 and various antibiotics like colistin (Fig. 3a), kanamycin (Fig. 3b),
ampicillin (Fig. 3c) and norfloxacin (Fig. 3d), the checkboard analysis
was performed using model E. coli MG1655. As displayed in Fig. 3e, H-
89 exhibited the best synergism with colistin against gram-negative
bacteria according to calculated fractional inhibitory concentration
index (FICI) value [39]. Our subsequent experiments demonstrated that
the reason for this synergistic effect is because colistin disrupted bac-
terial membrane structure and resulted in the accumulation of H-89
(Fig. S12). The checkboard analysis was further performed with MDR
bacteria Escherichia coli(p_mcr-1), Citrobacter rodentium, Salmonella

Fig. 2. Characterization of LNP-H89-Coli@OMV. TEM images of LNP-Coli (a), LNP-H89 (b), LNP-H89-Coli (c), and LNP-H89-Coli@OMV (d). (e) The detection of
ClyA-antiPAO1-flag fusion protein by western blot and SDS page analysis on OMVs and LNP-H89-Coli@OMV, respectively, by using an anti-flag antibody. (f) Size
distributions of LNP, LNP-H89, LNP-Coli, LNP-H89-Coliand LNP-H89-Coli@OMV measured by Dynamic light scattering (DLS). (g) Zeta potentials of LNP, LNP-H89,
LNP-Coli, LNP-H89-Coli, LNP-H89-Coli@OMV, and OMV-antiPAO1-flag. (h) UV–vis absorption spectra of H89, Coli, LNP-H89, LNP-Coli, LNP-H89-Coli, and LNP-
H89-Coli@OMV. (i) Colistin release profiles under LB medium at room temperature with 220 rpm. (j) H-89 release profiles under LB medium at room tempera-
ture with 220 rpm. Here, LNP denotes liposome, LNP-Coli denotes liposomal colistin, LNP-H89 denotes liposomal H89, and LNP-H89-Coli denotes liposomal colistin
and H89.
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Fig. 3. Bacterial killing ability of LNP-H89-Coli@OMV against MDR bacteria. Checkerboard plots for the antibacterial activity of H-89 in combination with colistin
(a), kanamycin (b), ampicillin (c), and norfloxacin (d) with various amounts of doses. (e) FICI values for H-89 in combination with various antibiotics. (f) Survival of
exponential-phase MDR bacteria associated with different treatments. (g) Survival of persistent MDR bacteria in biofilm with different treatments. (h) Growth curve
of bacterial killing under different treatments in PAO1. (i) Survival of biofilm PAO1 with different treatments. (j) Bacterial uptake of LNP-H89-Coli@OMV@DiR by
flow cytometry at various time points. (k) Detection of live/dead biofilm in persistent PAO1 for different treatment groups: (i) Control, (ii) LNP-H89, (iii) LNP-Coli,
(iv) LNP-H89-Coli, and (v) LNP-H89-Coli@OMV. The live and dead bacterial stained with Syto9 (green) and PI (red), respectively. Here, LNP-Coli denotes liposomal
colistin, LNP-H89 denotes liposomal H89, and LNP-H89-Coli denotes liposomal colistin and H89. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Enteritidis ATCC13076, Acinetobacter baumannii ATCC 17978, Klebsiella
pneumoniae ATCC BAA-2146 and Vibrio parahaemolyticus, strongly
indicating that H-89 can serve as the best adjuvant of colistin (Fig. S13).
Due to the synergistic effect in MDR bacteria killing, colistin and H-89
can respectively work as antibacterial agents and adjuvants of the an-
tibiotics combination therapy for enhancing bactericidal activity. Then
we loaded colistin and H-89 into liposomes to enhancing water solubi-
lity, reducing toxicity, and improving drug delivery capabilities.

In order to validate the antibacterial performance of the nano-
materials synthesized with success, we undertook a series of Minimum
Inhibitory Concentration (MIC) assays. Our findings indicated that the
LNP-H89-Coli@OMV nanomaterial exhibited a remarkably low MIC
value of 226.5 μg/mL, as detailed in Table S2, thus confirming its sig-
nificant potential as an effective antimicrobial agent. In addition,
planktonic cultures of Escherichia coli, Escherichia coli(p_mcr-1), Acine-
tobacter baumannii ATCC 17978, Acinetobacter baumannii ATCC BAA-
1800, Klebsiella pneumoniae ATCC BAA-2146, Citrobacter rodentium
DBS100, Salmonella Enteritidis ATCC13076 and Vibrio parahaemolyticus,
were treated with LNP-H89-Coli@OMV in their late exponential growth
phase. The killing assay demonstrated that LNP-H89-Coli@OMV
induced the most effective killing for MDR pathogens (Fig. 3f). Mean-
while, LNP-H89-Coli@OMV exhibited significant killing capability in
persistence bacteria by biofilm cultures of Escherichia coli(p_mcr-1),
Acinetobacter baumannii ATCC 17978, Acinetobacter baumannii ATCC
BAA-1800 and Klebsiella pneumoniae ATCC BAA-2146 (Fig. 3g).We also
demonstrated that the killing performance of LNP-H89-Coli@OMV is
quick and time-dependent in the late exponential growth phase of PAO1
(Fig. 3h). LNP-H89-Coli@OMV exhibited approximately 100-fold anti-
bacterial efficacy as compared to LNP-H89-Coli after 8 h of treatments
(Fig. 3h). In persistence bacteria, OMV showed quick sterilization
(Fig. 3i). Flow cytometry analysis confirmed that LNP-H89-Coli@OMV
was rapidly internalized to bacteria (Fig. 3j; Figs. S14 and S15).
Similar confocal microscopy imaging findings were identified according
to the uptake of persistent PAO1 pathogens (Fig. S16). We further
explored the survival of persistent pathogens (Fig. 3k), and demon-
strated that almost all bacteria treated with LNP-H89-Coli@OMV were
dead (red fluorescence), indicating that LNP-H89-Coli@OMV has
remarkably eliminating effect on biofilm survival. Taken together, our
findings revealed the superior antibacterial properties of LNP-H89-
Coli@OMV against planktonic and persistent pathogens in vitro.

1.3. The underlying antibacterial mechanism of LNP-H89-Coli@OMV

In this section, the antibacterial mechanism of LNP-H89-Coli@OMV
against MDR infections were carefully inspected. Firstly, the mechanism
of colistin, as the last line of defense against MDR bacteria, has been
systematically and thoroughly studied. Basically, colistin can interact
with lipopolysaccharides and phospholipid A upon the bacterial cell
membrane, destroying the potential and integrity of cell membrane and
interfering the normal function of bacterial membrane [9,40]. The
leakage of cell contents and intake of exogenous substances, reduce the
resistance of bacteria to other antibiotics and enhance the bactericidal
effect of other antibiotics under non-lethal concentration of colistin
[41,42]. For the combination therapy that integrates colistin and H-89,
colistin with sub-lethal concentration might mediate the destruction of
bacterial membrane, further promoting the accumulation of H-89 and
enhancing the bactericidal ability (Fig. S12).

By contrast, H-89 as the new antibacterial compound was rarely used
for antibacterial tests and its underlying bactericidal mechanism is yet
unclear. Previous reports demonstrated that H-89 compound was able to
induce apoptosis in eukaryote cell [12,13]. Therefore, we examined its
killing behavior (Fig. S17) and then detected the apoptosis-like death
(ALD) hallmarks under H-89 treatments at proper killing time points
(Fig. 4a). Interestingly, a remarkable positive level of green DCF fluo-
rescence were captured by confocal microscopy imaging (Fig. S18) and
flow cytometry (Fig. 4a; Fig. S19), strongly indicating that H-89 induced

ROS generation. Besides, to examine the characteristic biomarkers of
apoptosis including caspase increase, membrane depolarization and
phosphatidylserine exposure, the FITC-conjugated peptide pan-caspase
inhibitor Z-VD-FM, fluorescently labeled DIBAC4 and fluorescently
labeled annexin V dyes were used, respectively. Significantly high
fluorescence intensity detected by flow cytometry clearly revealed the
existence of caspase increase, membrane depolarization and phospha-
tidylserine exposure during the initial phase of apoptosis induced by H-
89 (Fig. 4a; Figs. S20–S22).

Further, terminal deoxynucleotidyl transferase dUTP nick-end la-
beling (TUNEL) assay was performed to investigate DNA fragmentation.
We demonstrated that only FITC-conjugated dUTP signals were detected
in LNP-CHE-Coli treatments, suggesting that the killing process was
accompanied with DNA fragmentation (Fig. 4a; Fig. S23). Besides, the
structure of bacterial chromosome was monitored by confocal micro-
scopy imaging with nuclear-specific dye, Hoechst 33,342 and PI stains.
Interestingly, the Hoechst and PI exhibited increased fluorescence sig-
nals in the presence of H89, indicating that the killing process was
indeed accompanied with chromosome condensation (Fig. 4b).

More importantly, previous studies illustrated that RecA is an
important caspase-like protein in ALD [43]. The ALD hallmarks were
significantly decreased due to the antibiotic norfloxacin in recAmutant.
Meanwhile, ClpX and ClpP were also recognized as two important ALD-
related proteins35. To examine whether caspase-dependent ALD induced
by H-89 was also relevant to RecA, the E. coli of △recA, △clpX and
△clpP were produced by suicide plasmid and homologous arm ex-
change and then the outcomes of knockout gene were successfully
verified by PCR. We demonstrated that western blot revealed significant
reduction in the expression of RecA protein (Fig. 4c). We detected H-89
MIC in △recA, △clpX and △clpP strains, but demonstrated that no
significant difference was detected between them and those from the
wild type (Table S3). Therefore, H89-induced ALD was not related to
recA, clpX, and clpP. As illustrated in Fig. 4d, the remarkable positive
signals of ALD were detected by flow cytometry as compared to that of
the control group under△recA, which included the ROS level (Fig. S24),
caspase increase (Fig. S25), membrane depolarization (Fig. S26), phos-
phatidylserine exposure (Fig. S27), DNA fragmentation (Fig. S28), and
chromosome condensation (Fig. S29). Taken together, these findings
deepen our understanding of the H-89 antibacterial mechanism, illus-
trating that the antibacterial effect was due to the induced ALD rather
than relevant to RecA, ClpX or ClpP protein.

To further inspect the bactericidal mechanism of H89, we performed
proteomic and bioinformatics analysis under H-89 treatment of
MG1655. In particular, quantifiable proteins were identified in the three
biological replicates. Fig. 4e demonstrated the results from proteomics
coupled with bioinformatics analysis in H-89 treatment. The data were
analyzed by GO enrichment analysis in Biological Process, Cell
Component as well as Molecular Function. The differential expressions
of proteins were demonstrated in volcano (Fig. 4f) and column diagram
(Fig. 4g). The red dots represented the proteins up-regulated while the
green dots denoted proteins down-regulated. The gray dots denoted the
proteins with no change in abundance between the two groups. Proteins
with an adjusted P value <0.05 and abundance fold change >2 or <0.5
were assigned as differential expression between the two groups. We
subsequently analyzed the genes that had significant changes in the
proteome analysis. The screening experiments were performed under 2-
fold MIC concentration of H-89 in KEIO library. As displayed in Fig. 4h,
the screening results revealed several potentially H89-related genes.
Besides, we analyzed the killing assay in the three strains miaA::Kan,
pyrE::Kan and cpxP::Kan, illustrating that the bactericidal ability of H-89
was significantly reversed inmiaA::Kan (Fig. S30). Since the E. coli strain
in the KEIO library is BW25113, we also performed MIC testing in the
experimental strain MG1655 by constructing in-fusionmiaAmutant. We
demonstrated that the MIC of H-89 in miaA mutant increased signifi-
cantly as compared to that of wild type MG1655 (Table S4). Study in-
dicates that the selection pressure exerted by ciprofloxacin onmiaA gene
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Fig. 4. In vitro antibacterial efficacy of H-89. (a) The percent change in ROS, caspase, membrane depolarization, DNA fragmentation and PS exposure exhibited by
MG1655 strain under H-89 treatment. (b) Detection of chromosomal condensation by fluorescence imaging of MG1655 under H-89 treatment. (c) The detection of
RpoB and RecA protein expression by western blot. (d) The percent change in ROS, caspase, membrane depolarization, DNA fragmentation and PS exposure exhibited
by ΔrecA strain under H-89 treatment. (e) GO classification of differentially expressed proteins under H-89 treatment. (f) Volcano plot showing proteins with dif-
ferential expression under H-89 treatment. (g) Up-regulated and down-regulated genes under H-89 treatment. (h) Detection of potential target gene from E. coli knock
out library under H-89 treatment.
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knockout strains leads to multidrug resistance against chloramphenicol,
streptomycin, and ciprofloxacin itself, which underscores the pivotal
role of miaA deletion mutations in enhancing antibiotic resistance [44].
This observation aligns with our experimental results, where the dele-
tion of the miaA gene was found to confer resistance to the antibiotic
H89. As a critical enzyme for tRNA isopentenylation, MiaA mediates
modifications essential for accurate recognition of codons by tRNAs and
for maintaining fidelity during the translation process. Mutations in

MiaA can potentially result in the inability of certain tRNAs to undergo
effective modification, thereby impacting mRNA translation efficiency
and accuracy, ultimately contributing to an increase in bacterial muta-
tion rates [45]. Consequently, the bactericidal effect of H-89 is not
influenced by overexpression of the miaa protein (Fig. S31). Under H-89
treatment conditions, the upregulated expression of MiaA suggests that
bacterial cells may attempt to compensate for potential tRNA under-
modification caused by H-89 interference by increasing the levels of

Fig. 5. Antibacterial effects of LNP-H89-Coli@OMV in vivo. (a) Schematic of the construction and treatment process of biofilm infection. (b) In vivo laser speckle
imaging of the blood flow of the biofilm mice with different treatment groups. (c) Biodistribution analysis by fluorescence imaging of biofilm mice at different time
points. (d) Bacterial counting analysis of biofilm in vivo for different treatment groups. (e) ELISA analyses of TNF-a in serum of biofilm infected mice after different
treatments. (f) ELISA analyses of IL-6 in serum of biofilm infected mice after different treatments. (g) Skin tissue histology after H&E staining in biofilm infected mice
under different treatments.
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tRNA modifying enzymes (Fig. S32). Moreover, H-89 significantly
downregulates the expression of TrpR (tryptophan synthase repressor)
and TnaA (tryptophan transaminase) [46], while significantly upregu-
lating PheS (phenylalanine-tRNA ligase alpha subunit), indicative of
induced deficiencies in intracellular tryptophan and phenylalanine
within the bacteria (Fig. S32). Taken together, our findings demon-
strated that the killing mechanism of H-89 was strongly relevant to
miaA.

1.4. Biosafety and targeting ability of as-prepared LNP-H89-Coli@OMV

The efficacy of LNP-H89-Coli@OMV for the treatment of MDR in-
fections was also examined in vivo (Fig. 5a) and the presently in vivo test
protocol was approved by the Ethics Committees of the University of
Macau.

We first tested the biosafety of LNP-H89-Coli@OMV according to the
cell viability experiments, histological and blood biochemical analysis.
It was revealed that LNP-H89-Coli@OMV exhibit no effect on the
viability of normal cells with the incubation for 24 h and concentrations
up to 50 μg/mL (Fig. S33). In addition, histological analysis of the major
organs, such as the heart, liver, spleen, lung, and kidney was carried out,
suggesting that LNP-H89-Coli@OMV caused no overt tissue damage
after the treatment of MDR infections (Fig. S34). In particular, blood
biochemical analysis was also performed, showing minimal changes 14
days post-intravenous injection as compared to that of the control group
(Fig. S35).

Further, the in vivo targeting ability of LNP-H89-Coli@OMV was
inspected and compared to that of uncoated nanodrugs. We demon-
strated that LNP-H89-Coli@OMV exhibited significantly longer accu-
mulation time to biofilm PAO1 with higher concentrations in
intravenous catheter as compared to uncoated OMV group (Fig. 5c;
Fig. S36).

1.5. In vivo tests of LNP-H89-Coli@OMV for the treatment of MDR
infections

To access the therapeutic effect of LNP-H89-Coli@OMV in vivo, we
developed persistent PAO1 infection model by intravenous biofilm-
catheter placement in BALB/c. In this study, the mice were randomly
assigned to five treatment groups after performed biofilm placement
surgery: (1) Control (2 mg/kg), (2) LNP-H89 (2 mg/kg, contain H-89 ~
20 μg/kg), (3) LNP-Coli (2 mg/kg, contain coli ~ 2 μg/kg), (4) LNP-H89-
Coli (2 mg/kg, contain H-89 ~ 20 μg/kg and coli ~ 2 μg/kg), and (5)
LNP-H89-Coli@OMV (2 mg/kg, contain H-89 ~ 13.33 μg/kg and coli ~
1.33 μg/kg). Treatments were conducted one day after bacterial infec-
tion surgery. Laser speckle imaging was used to monitor the changes of
subcutaneous blood vessels during the progression of infection (Fig. 5b).
We demonstrated that subcutaneous blood flow in mice back signifi-
cantly decreased 1 day post-bacterial infection. However, for the groups
treated with LNP-H89-Coli@OMV, we demonstrated that more blood
vessels were gradually regenerated, subcutaneous blood flow gradually
increased, and the whole lesion volume was significantly reduced
(Fig. 5b). The changes of structural and functional information in the
lesion region indicated that the treatment was highly effective in pro-
moting the recovery from the MDR infectious. Our findings also
demonstrated that the treatment dramatically reduced the bacterial
load, resulting in approximately 1000-fold fewer bacteria in the infec-
tion region as compared to that of non-treatment groups (Fig. 5d).
Enzyme-linked immunosorbent assay (ELISA) of immune factors was
performed to reveal the inflammatory response in vivo and assess the
severity of inflammation caused by bacteria. As illustrated in Fig. 5e and
f, the pro-inflammatory cytokines TNF-α and Interleukin-6 (IL-6) in LNP-
H89-Coli@OMV treatment group significantly decreased as compared to
those from the control groups, indicating that the severity of inflam-
mation caused by persistent PAO1 infection in the skin was significantly
reduced due to the use of LNP-H89-Coli@OMV.We then performed H&E

staining on the lesioned skin tissue infected by persistent PAO1. Histo-
logical analysis demonstrated significantly necrotic area (circle marked
area), capillary congestion (square marked area), and mixed inflam-
matory infiltrate composed of mononuclear/polynuclear cells (triangle
marked area) for the first four treatment groups (Fig. 5g). By contrast,
significantly decreased necrotic area with inflammatory infiltrate,
obviously increased subcutaneous adipocytes (arrow marked area) and
intact epidermis (rhombic marked area), further confirmed that LNP-
H89-Coli@OMV exhibited high efficacy in the treatment of persistent
PAO1 infection. It is very hard to eradicate PAO1 biofilm inside intra-
venous catheter in vivo due to the imitated treatment methods and high
fatality rate, particularly for immunocompromised patients. However,
our findings indicated that LNP-H89-Coli@OMV manifested excellent
killing stability and superior biosafety, thus implicating a promising
clinical candidate.

2. Discussion

To date, the development of antibiotics has significantly fell behind
the emergence and widespread dissemination of drug-resistant patho-
gens, resulting in extremely limited options for effective treatment
following pathogen infections. In particular, MDR PAO1 forms the bio-
film composed by polysaccharide matrix, fibrin, lipopolysaccharide and
other polysaccharide complexes, preventing the penetration of antibi-
otics, facilitating resistance to stress, and causing the bacteria into a
persistent state. Therefore, it is urgent to develop new antibacterial
strategies to relieve the increasingly severe crisis of antimicrobial
resistance. This pilot study reported for the first time the synergies
antibacterial effect of combined H-89 and colistin, which was able to
significantly improve the treatment efficacy of MDR infections even for
the case that bacteria reached levels above the logarithmic growth
phase. Beside the disruption of the bacteria membrane by colistin, it was
revealed that H-89 showed the capability to induce apoptosis like bac-
teria death by comprehensively exanimating the apoptosis hallmakers
[43,47,48], including DNA fragmentation, chromosome condensation,
caspase increase, membrane depolarization, phosphatidylserine expo-
sure and cell filamentation. Further proteomics and molecular cloning
analyses indicate that the bactericidal activity of H89 is associated with
the MiaA protein, rather than RecA, ClpX, or ClpP proteins. These
findings may further deepen our understanding of cell death mecha-
nisms, such as apoptosis like bacteria death.

Due to the targeting ability LNP-H89-Coli@OMV into the infection
areas, it can totally kill the E. coli, colistin resistant Escherichia coli(p_mcr-
1), Vibrio parahaemolyticus, and MDR bacteria in the ESKAPE group
including Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species. Besides, LNP-H89-Coli@OMV
exhibited the ability to totally eradicate persistent PAO1 in biofilm.
Further in vivo biocompatibility experiments demonstrated the physio-
logical safety of LNP-H89-Coli@OMV. Importantly, in vivo tests results
showed that LNP-H89-Coli@OMV can rapidly accumulated to biofilm
PAO1 in vivo, significantly eliminating bacterial load in intravenous
catheter. Due to their significant antibacterial ability, the immunity
response caused by bacteria infection were significantly reduced.
Overall, our study has made significant strides in addressing the limi-
tations of antibacterial drugs against persistent PAO1 bacteria. The
synergistic compounds H-89 and colistin exhibited promising antibac-
terial outcomes in vitro. Furthermore, by coating engineering OMV, the
bacterial-specific biomimetic nanodrugs strongly kill PAO1-infected
biofilm (Fig. 4f) and rapidly promoted the targeting ability (Fig. 5d).
Therefore, the developed genetically engineered biomimetic liposomal
colistin drugs demonstrated the great potential to be translated into
clinical applications for treatment of various PAO1-induced diseases,
particularly persistent pathogens inside biofilm in the future.
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3. Methods

3.1. Bacterial strains and growth conditions

The bacterial strains and plasmids used in this study are listed in
Table 1. LB broth, [Miller (Luria–Bertani) (BD, 244620)] was used for all
the experiments.

3.2. Plasmid and bacterial strain construction

In this study, the plasmids were constructed by In-Fusion cloning
(TaKaRa, 638943). pBADwas linearized by the restriction enzymes NcoI
as well as and PstI. pDS132 was linearized by the restriction enzymes
XbaI. In-frame deletion mutant was constructed based on SacB-mediated
allelic exchange with suicide plasmid pDS132 as described previously
[49]. E. coliMG1655 was used as the parental strain. The recA, clpX, and
clpP deletion and pBAD_clyA-antiPAO1-flag were constructed using the
primers from in Table 2.

3.3. Bacterial OMV-antiPAO1-flag and extracellular vesicle preparation

OMV-antiPAO1-flag were prepared in ΔmsbB (pBAD_clyA-antiPAO1-
flag) strain following the OMV preparation protocol described previ-
ously [35]. Briefly, colonies of bacteria from the LB Agar were picked up
and then put in the 20 mL LB, 37 ◦C, 220 rpm overnight. Then, they were
diluted by ratio of 1:100 into fresh LB (BD, 244620), following by being
cultured until optical density (OD600) between 0.5 and 0.55 (i.e.,
exponential phase). 0.1 % arabinose (diluted 1:200 in LB broth) was
added to induce the expression of ClyA-antiPAO1-flag protein. After
being incubated overnight at 37 ◦C with shaking (220 rpm), the bacteria
were centrifuged at 8000g for 10 min. The supernatant was passed
through a 0.45 μm polyvinylidene fluoride filter (Millipore, R8SA47939,
USA) and concentrated to 2 mL using 100 kDa ultrafiltration membranes
(Millipore, R3EA06699, USA). The concentrate was filtered with a 0.22
μm filter to mitigate any contamination then stored at − 20 ◦C until use.
The total protein concentration was quantified using the nanodrop
(Thermo Scientific, USA) and bicinchoninic acid protein assay.

3.4. Preparation of LNP-H89-Coli@OMV nanoparticles

The LNP-H89-Coli@OMV nanoparticles were synthesized according
to a previous method [50,51], with some modification. H-89 (DC
chemical, DC7835), DPPC (Avanti Polar Lipids Inc.), DMPG (Avanti
Polar Lipids Inc.) and cholesterol (Avanti Polar Lipids Inc.) were mixed
in chloroform, and then the chloroform was evaporated. Then, rotary
evaporation was used to make a thin lipid film, which was hydrated in

PBS of colistin (sigma, C4461). The hydrated solution was then sub-
jected to freeze–thaw cycles (− 196 to 50 ◦C) to encapsulate colistin and
H-89. The dispersions were extruded through polycarbonate membranes
to form unilamellar vesicles. Nonencapsulated compounds were
removed using the Float-A-Lyzer G2 dialysis device at 4 ◦C. The OMVs-
antiPAO1 with LNP-H89-Coli were extruded through a polycarbonate
membrane with 100 nm pore size to yield LNP-H89-Coli@OMV. The
loading capacity was measured by using UV–vis absorption spectra and
the release of colistin and H-89 from liposome was studied through the
absorbance in medium conditions.

3.5. Characterization of the LNP-H89-Coli@OMV nanoparticles

Absorption spectra were obtained by a UV-3101 spectrophotometer.
Transmission electron microscope (TEM) images were obtained by using
a Tecnai G2 F20 S-Twin at an acceleration voltage of 200 kV. In vivo
bioimaging analysis was performed using the IVIS Lumina XR system.
Confocal laser scanning microscopy (CLSM) images were captured using
a Nikon A1R confocal system.

3.6. Animal infection model

Briefly, female mice were used to minimize variations in gender
differences. Mice underwent surgery involving subcutaneous implanta-
tion of a 1 cm intravenous catheter into their backs, which was loaded
with 10^7 CFU of persistent PAO1 bacteria. Twenty-four hours post-
surgery, mice were randomly assigned into five groups (n = 6 each).
Treatment administration began with repeated lateral tail vein in-
jections according to the following regimens: (1) Control (2 mg/kg), (2)
LNP-H89 (2 mg/kg, contain H-89 ~ 20 μg/kg), (3) LNP-Coli (2 mg/kg,
contain coli ~2 μg/kg), (4) LNP-H89-Coli (2 mg/kg, contain H-89 ~ 20
μg/kg and coli ~2 μg/kg), and (5) LNP-H89-Coli@OMV (2 mg/kg,
contain H-89 ~ 13.33 μg/kg and coli ~1.33 μg/kg). Treatments were
administered every 12 h over a period of three days. At 24 h following
the final treatment, mice were humanely euthanized, and the intact
catheters were retrieved and sonicated in 1 mL of sterile 1× PBS. The
resulting homogenates were subjected to a 10-fold serial dilution, with
100 μL aliquots of each dilution plated onto LB agar for the enumeration
of surviving bacteria. Furthermore, the whole infected skin areas were
meticulously excised and processed for paraffin embedding to prepare
them for histological sectioning. Subsequently, Hematoxylin and Eosin
(H&E) staining was performed on these sections for histopathological
evaluation. All animal experiments were conducted in compliance with
and approved by the Panel on Research Ethics at the University of Macau

Table 1
List of strains used in the study.

Strains Application

E. coli MG1655 Checkerboard assay, killing assay, animal infection,
uptake assay, protein expression, plasmid
construction

P. aeruginosae PAO1 Killing assay
A. baumannii ATCC 17978 Killing assay
A. baumannii ATCC BAA-
1800

Killing assay

E. coli MG1655(p_mcr-1) Killing assay
K. pneumoniae ATCC BAA-
2146

Killing assay

Salmonella Enteritidis
ATCC13076

Killing assay

Citrobacter rodentium
DBS100

Killing assay

Vibrio parahaemolyticus
RIMD 2210633

Killing assay

E. coli DH5α λ pir Plasmid construction, Mutant construction
E. coli MDF λ pir Mutant construction

Table 2
Primer’s sequence.

Primer Name Sequence (5′-3′)

ClyA_PAO1.FOR atgacgacaagctgcagggtggtggtggtagtggtggt
ClyA_PAO1.REV cttgtcgtcatcgtctttgtagtctttaatttcaactttggtaccctg
Ide.FOR acactttgctatgccatagc
Ide.REV cggcgtttcacttctgagtt
recAFragment 1.FOR aaggatcgatcctctagtcgttgtgtttaccacccgc
recAFragment 1.REV tattacccggcatgacaggagtaaaacgacccttgtgtat
recAFragment 2.FOR cgtcttgtttgatacacaagggtcgttttactcctgtcat
recAFragment 2.REV gcatgcggtacctctaggccgccgcaggtttaacgccac
clpXFragment 1.FOR aaaggatcgatcctctagaaagcctctttcggtgttagcg
clpXFragment 1.REV aatggttaagggtcaaaacctcttctttgttctttgt
clpXFragment 2.FOR ttttgacccttaaccattcccatacaattagttaaccaaaaagggg
clpXFragment 2.REV cgcatgcggtacctctagtgaatagctttcatttgctcgttcagatagtactcac
clpPFragment 1.FOR ggatcgatcctctaggaccttcccggaagaataccac
clpPFragment 1.REV ctctggcattccgtctcctggataaaattgaaaaaacct
clpPFragment 2.FOR gacggaatgccagaggcgcaac
clpPFragment 2.REV atgcggtacctctagaaatcactttatccagaccggcaaac
miaAF1.FOR aaggatcgatcctctagtccattccggaaaaccgcg
miaAF1.REV aattgtacacattcaactgatatcactcatctttcaggg
miaAF2.FOR tgatatcagttgaatgtgtacaattgagacgtatcg
miaAF2.REV gcatgcggtacctctagtaaaataaggccggtgcggt

X. Wei et al.



Chemical Engineering Journal 497 (2024) 154515

10

and Guangxi University (Ethics Approval Number: UMARE-033-2020
and GXU-2024-202).

CRediT authorship contribution statement

Xianyuan Wei:Writing – review & editing, Writing – original draft,
Visualization, Software, Resources, Methodology, Investigation, Formal
analysis, Conceptualization. Jintong Guo: Visualization, Software, Re-
sources, Investigation. Xiaorui Geng: Visualization, Validation, Re-
sources, Investigation. Yuhao Chen: Visualization, Validation,
Investigation. Xianfang Wei: Software, Resources, Investigation. Bin
Liu: Visualization, Investigation. Jun Zheng: Supervision, Methodol-
ogy, Conceptualization. Zhen Yuan: Writing – review & editing, Su-
pervision, Resources, Project administration, Methodology, Funding
acquisition, Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

I have shared my data in supporting information.

Acknowledgements

We thank professor Songnan Qu, the Animal Research Core, Bio-
logical Imaging and Stem Cell Core, Guangxi University and University
of Macau for assistance on this project.

This work was also supported by the University of Macau
(MYRG2020-00067-FHS, MYRG-GRG2023-00038-FHS and MYRG2022-
00054-FHS), Macao Science and Technology Development Fund (FDCT
0020/2019/AMJ and FDCT 0048/2021/AGJ), and Natural Science
Foundation of Guangdong Province (EF017/FHS-YZ/2021/GDST).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cej.2024.154515.

References

[1] C. Antimicrobial Resistance, Global burden of bacterial antimicrobial resistance in
2019: a systematic analysis, Lancet 399 (10325) (2022) 629–655, https://doi.org/
10.1016/S0140-6736(21)02724-0.

[2] R.F. Seipke, Antibiotics made to order, Science 376 (6596) (2022) 919–920,
https://doi.org/10.1126/science.abq3206.
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