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Host defense peptides (HDPs) are one of the potentially promising agents for infection diseases due to 
their broad spectrum and low resistance rate, but their clinical applications are limited by proteolytic 
instability, high-cost, and complicated synthesis process. Here, we report a host-defense-peptide-
mimicking β-peptide polymer that resists proteolysis to have enhanced the activity under physiological 
conditions, excellent antimicrobial efficiency even at high density of bacteria, and low cost for preparation. 
The β-peptide polymer demonstrated quorum sensing (QS) interference and bactericidal effect against 
both bacterial communities and individual bacterium to simultaneously block bacterial communication 
and disrupt bacterial membranes. The hierarchical QS network was suppressed, and main QS signaling 
systems showed considerably down-regulated gene expression, resulting in excellent biofilm eradication 
and virulence reduction effects. The dual-modal antibacterial ability possessed excellent therapeutic 
effects in Pseudomonas aeruginosa pneumonia, which could inhibit biofilm formation and exhibit better 
antibacterial and anti-inflammatory efficiency than clinically used antibiotics, levofloxacin. Furthermore, 
the β-peptide polymer also showed excellent therapeutic effect Escherichia coli pyogenic liver abscess. 
Together, we believed that the β-peptide polymer had a feasible clinical potential to treat bacterial 
infection diseases.

Introduction

Bacterial infection diseases, such as bacterial pneumonia and 
pyogenic liver abscess, are severe threats to human health and 
contribute to predominant morbidity and mortality historically 
[1–4]. In the last few decades, the decreased efficiency of con-
ventional antibiotics due to the emergence of multidrug-resistant 
bacteria makes infections a more severe challenge that attracts 
global concern [5–7]. Therefore, new agents against infections 
are needed urgently. In addition to changes in the resistance 

mechanism of individual bacteria, the emergence of drug resist-
ance is also a social behavior of bacteria [8–10]. While the 
bacterial population density reaches a certain threshold, the 
bacterial communication network named quorum sensing 
(QS) is activated [11,12]. Bacteria release QS signal molecules 
to regulate virulence and extracellular polymeric substance 
composition to enhance invasiveness themselves and resist the 
clearance of the immune system [13,14]. The secreted extra-
cellular polymeric substances envelop viable bacteria tightly, 
making antibiotics difficult to penetrate and kill the bacteria, 
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which is a vital source of drug resistance [15–17]. Now, increasing 
researches have proven the close relationship between QS and 
clinical bacterial diseases [18–21]. The subsequently formed bio-
films make bacteria easier to exposure to sublethal concentra-
tions [22–25], thereby developing new resistance mechanisms. 
Therefore, QS suppression and biofilm inhibition are essential 
parts to combat bacterial infection diseases [26].

Host defense peptides (HDPs) are one of the most promising 
strategies to supplement and enhance current therapies [27–30] 
due to their broad-spectrum antibacterial ability and lower risk 
of inducing drug resistance [31,32]. Their small size and amphi-
pathicity derived from the amino acid scaffolds mean that they 
are excellent candidates for new drug development to act on the 
blood circulatory system and heal visceral infectious diseases 
[29]. Despite these advantages, the clinical use of HDPs is still 
hindered by some shortcomings, including proteolytic instabil-
ity and high cost. To address the prominent limitations of HDP 
and find promising antibacterial agents, scholars turned atten-
tion to HDP-mimicking peptides and polymers [33–41]. We 
recently developed an HDP-mimicking β-peptide polymer 
20:80-Bu:DM (where Bu is a hydrophobic subunit and DM is a 
hydrophilic/cationic subunit) to solve this problem and provide 
another way of thinking for clinical application. Unnatural β-amino 
acids were incorporated to construct the peptide scaffold, help-
ing 20:80-Bu:DM to resist proteolysis. The broad-spectrum and 
instant antimicrobial activity of the β-peptide polymer have been 
studied in our previous work [42,43]. Moreover, 20:80-Bu:DM shows 
a great antibacterial effect on multidrug-resistant bacteria strains 
without new drug resistance generation [43]. We further explored 
the antimicrobial mode and translational potential of 20:80-
Bu:DM in treating infection diseases. The membrane-targeting 
antimicrobial capabilities of the 20:80-Bu:DM conduct the 
effective and rapid lysis of individual bacterium. In addition, 
for biofilms, a more common form of the bacterial community 
and a more severe challenge for health care, 20:80-Bu:DM could 
also penetrate and kill internal viable bacteria. Furthermore, we 
analyzed the inhibition effect of 20:80-Bu:DM on the QS system 
of Pseudomonas aeruginosa and found that the intercellular 
communication system of bacteria was blocked by 20:80-Bu:DM, 
resulting in the reduced secretion of virulence factors and 
decreased pathogenicity (Fig. 1). The dual-modal antibacterial 
effects were validated to be effective in the P. aeruginosa pneu-
monia model to eradicate viable bacteria in organs and inhibit 
the formation of biofilms. In addition, for the Escherichia coli 
pyogenic liver abscess (ECPLA), the 20:80-Bu:DM was also 
found to have a great effect.

Results and Discussion

Synthesis and characterizations of the 20:80-Bu:DM
To simulate the amphiphilic structure and positive charge of 
HDP, we successfully prepared a library of β-peptide polymer 
in the previously reported literature [43]. The optimized 20:80-
Bu:DM showed excellent broad-spectrum antibacterial activities 
against a variety of Gram-positive and Gram-negative bacteria, 
including clinical multidrug-resistant strains [42,43]. The opti-
mal β-peptide polymer 20:80-Bu:DM was synthesized via an 
anion ring-opening polymerization of β-lactam monomers DM 
and Bu, followed by treatment with trifluoroacetic acid to 
remove the protecting group (Fig. 2A). The number–average 
molecular weight (Mn) was confirmed using 1H nuclear mag-
netic resonance (NMR) and gel permeation chromatography 

(GPC) characterizations for deprotected and protected 
20:80-Bu:DM, respectively (Fig. 2B and C). The copolymer 
ratio of 20:80 hydrophobic:charged units was obtained by the 
appropriate feed ratio of the monomers, and the composition 
of 20:80-Bu:DM was confirmed by 1H NMR. Fourier transform 
infrared spectroscopy showed the amide characteristic bands 
of 20:80-Bu:DM (Fig. 2D). Figure 2E displays the matrix-
assisted laser desorption/ionization-time-of-flight mass spec-
trometry of 20:80-Bu:DM, and the molecular weight intervals 
agreed with the mass of DM or Bu.

20:80-Bu:DM possesses superior antimicrobial 
efficiency and stability
We evaluated the antimicrobial activities of the 20:80-Bu:DM 
against 2 strains used for infection models, and the minimum 
inhibitory concentration (MIC) values of the 20:80-Bu:DM 
were 6.25 μg/ml for P. aeruginosa and 25 μg/ml for E. coli (Fig. 
S1). To explain the advantages of the 20:80-Bu:DM applied in 
practical cases that have higher bacterial concentrations than 
the standard antimicrobial tests, we raised the bacterial con-
centrations to compare the antimicrobial efficiency of 20:80-
Bu:DM and commercially used natural peptide magainin II 
(Fig. 3A). When the bacterial concentration was raised to 107 
colony-forming units (CFU)/ml, reaching 100 times the bacterial 
concentration used in the standard MIC test, 20:80-Bu:DM and 
magainin II could inhibit the growth of P. aeruginosa at 12.5 
and 100 μg/ml, respectively. Once the bacterial concentration 
was raised to 108 CFU/ml, 20:80-Bu:DM could inhibit the bac-
terial growth of P. aeruginosa at 25 μg/ml. As a comparison, 
only when the concentration of magainin II was 200 μg/ml and 
above, it can inhibit bacterial growth.

We further evaluated the stability of 20:80-Bu:DM at the 
simulated physiological conditions for its potential down-
stream application in vivo. As treatment with trypsin for 
40 min, the MIC value of 20:80-Bu:DM remained unchanged, 
while magainin II lost its activity completely after the same 
treatment (Fig. 3B). Then, the 10% fetal bovine serum 
(FBS) was used to simulate the serum environment for anti-
microbial activity test. The MIC of 20:80-Bu:DM slightly 
increased from 6.25 to 25 μg/ml, while the MIC of magainin 
II increased from 50 μg/ml to more than 200 μg/ml. We eval-
uated the serum stability of the β-peptide polymer, 20:80-
Bu:DM, by incubating the polymer in FBS for 1 week. Our 
attempt to evaluate the stability of 20:80-Bu:DM by analyzing 
the possible change of GPC trace using water as the mobile 
phase was not achieved because of the overlapping of peaks 
between FBS and the β-peptide polymer (Fig. S1B). Therefore, 
we evaluated the stability of this β-peptide polymer in serum 
by measuring the polymer’s antibacterial activity after incu-
bation with serum. We observed that the MIC of 20:80-Bu:DM 
slightly changed from 6.25 to 3.13 μg/ml after the polymer was 
treated in FBS (Fig. S1C). This result indicates that 20:80-Bu:DM 
had superior stability in serum and was reasonably applied 
for in vivo study. Our result is consistent with the report in 
precedent literatures that β-peptides and β-peptide polymers 
have excellent stability and resist proteolysis [44–46].

The cytotoxicity was evaluated with the NIH-3T3, Beas-2B, 
and A549 cell lines (Fig. S2A to C). The cell viability was over 
80% for all the 3 cell lines at the concentration of 50 μg/ml. The 
live/dead double staining also showed a satisfactory survival 
of the cells at 25 μg/ml (Fig. S2D).
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20:80-Bu:DM could selectively disrupt bacterial 
membrane
The positively charged 20:80-Bu:DM has preferential electro-
static interactions with the bacterial cells that have more neg-
ative charges on their surfaces compared with mammalian cells 

(Fig. 3C) [47]. The bacteria (93%) were found to have a rup-
tured or permeable membrane and eventually died, which was 
evaluated by SYTO 9/propidium iodide (PI) costaining, a com-
monly used method for membrane integrity analysis (Fig. S3) 
[48]. We further synthesized a morpholino-naphthalimide 

Fig. 1. 20:80-Bu:DM inhibits bacteria and cures P. aeruginosa pneumonia and ECPLA by QS interferential and individually bactericidal dual modes. (A) 20:80-Bu:DM inhibits 
individual bacterium using a membrane-targeted antimicrobial mechanism, inhibits biofilm, and reduces bacteria virulence by its anti-QS activities. (B) 20:80-Bu:DM is 
effective against P. aeruginosa pneumonia and ECPLA.
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fluorophore-conjugated 20:80-Bu:DM (dye-20:80-Bu:DM; Figs. 
S4 to S7) for time-lapse fluorescent confocal imaging to under-
stand the bactericidal process (Fig. 3D). The nucleic acid dye 
PI was served as an indicator to indicate the integrity of bacte-
rial membranes. After P. aeruginosa was incubated with dye-
20:80-Bu:DM and PI for about 210 s, dye-20:80-Bu:DM was 
enriched on the cell membrane. Until 240 s, a small amount of 
dye-20:80-Bu:DM crossed the cell membrane, followed by 
almost simultaneous PI entering into the cell membrane and 
emitting red fluorescence. PI had an obvious enrichment in 
bacteria at 570 s, indicating that the bacterial membrane had 
been damaged and the bacteria were killed by dye-20:80-
Bu:DM. The fluorescence intensity was measured and showed 
a consistent changing rule (Fig. 3E and F). Membrane label
ing dye FM 4-64 (red fluorescence) was used to visualize the 

membrane perturbation (Fig. S8). With the time increasing, 
the membrane outline was gradually blurred and finally disap-
peared at approximately 120 min. After the bacterial membrane 
was completely eroded at 12 h, the bacteria demonstrated unusual 
aggregation and morphological changes induced by neutrali-
zation of bacterial surface charge. These phenomena also could 
be observed in the scanning electron microscope (SEM) imag-
ing (Fig. 3G). Meanwhile, the transmission electron microscope 
(TEM) images clearly showed the leakage of cell content assem-
bly led by transmembrane pores (Fig. 3H and Fig. S9). Our 
antibacterial mechanism study, including aforementioned time-
lapse fluorescent confocal imaging, SEM characterization, and 
TEM characterization, indicate that the β-peptide polymer 
electrostatically binds to the surface of bacterial cell wall and 
then penetrates the cell wall after interaction with the outer 

Fig. 2. Synthesis and characterizations of the 20:80-Bu:DM. (A) Synthesis of β-peptide polymer 20:80-Bu:DM. (B) 1H NMR characterization of deprotected 20:80-Bu:DM. (C) 
GPC traces of side-chain N-tert-butyloxycarbony (NHBoc) protected 20:80-Bu:DM. (D) Fourier transform infrared spectroscopy characterization of deprotected 20:80-Bu:DM. 
(E) Matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry characterization of deprotected 20:80-Bu:DM, the analysis of peaks, and the corresponding 
chemical structures ([M + Na]+).
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membrane using its amphiphilic structural characteristics. We 
hypothesized that during this process, the polymer can depo-
larize the inner membrane and finally destroy the bacterial cell 

wall and inner membrane to kill bacteria. Our antibacterial 
mechanism study and hypothesis are consistent with the action 
modes of some HDPs in precedent literatures [49,50].

Fig. 3. 20:80-Bu:DM has higher membrane-targeted antimicrobial efficiency and stability compared with the commercial peptide. (A) Antibacterial activity of magainin II 
(left) and 20:80-Bu:DM (right) against PAO1 with different bacterial concentrations (n = 3). (B) Effects of the simulated physiological conditions and trypsin treatment 
on the antibacterial activity of magainin II (left) and 20:80-Bu:DM (right) (n = 3). (C) Illustration of the membrane-targeted disruption and cell lysis caused by peptides.  
(D) Time-lapse fluorescent confocal imaging of bacteria, green fluorescence indicated the dye-20:80-Bu:DM, and red fluorescence indicated that the PI penetrated the disrupted 
cell membrane and combined with the internal DNA (2 × MIC). (E) Fluorescence intensity of dye-20:80-Bu:DM and PI versus time. (F) Fluorescence intensity profiles of dye-
20:80-Bu:DM and PI across PAO1 at 210 s (left) and 570 s (right). (G and H) SEM and TEM images of the peptides and treated bacteria respectively. Membrane disruption is 
showed in the images, and the cell content leakage is observed in the TEM images as the red arrows indicated. Significance of differences was determined using the one-way 
ANOVA method. ***P < 0.001. DIC, differential interference contrast.
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Fig. 4. 20:80-Bu:DM can eradicate P. aeruginosa biofilms and suppress PYO secretion. (A) A schematic diagram of the peptides disrupt biofilm to inhibit bacteria proliferation 
and expansion. (B) SYTO 9 stained biofilm treated with different concentrations of 20:80-Bu:DM. (C) Biofilms treated with 20:80-Bu:DM showed significantly reduced thickness 
(n = 5). (D) Bacteria density of the biofilms treated with 20:80-Bu:DM, which was quantified with the fluorescent intensity of SYTO 9, showed a significant reduction (n = 5). 
(E and F) PYO secretion of the PAO1 with different concentrations of 20:80-Bu:DM treatment. Images of the extracted PYO were taken, and the PYO content is quantified with 
absorbance at 520 nm (n = 5). (G) PAO1 biofilms were incubated with different concentrations of 20:80-Bu:DM, and the viable bacteria number in biofilms was calculated to 
determine the MBEC of the peptide. (H) Viable bacteria curve in biofilms after gradient concentrations of the 20:80-Bu:DM treatments (n = 5). Significance of differences was 
determined using the one-way ANOVA method. **P < 0.01, ***P < 0.001, and ****P <0.0001. a.u., arbitrary units; OD, optical density.
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Fig. 5. 20:80-Bu:DM inhibits the QS of P. aeruginosa and reduces the bacterial virulence. (A) The bubble chart of the KEGG pathway enrichment analysis, demonstrating the top 20 
enrichment entries including the QS and biofilm formation pathway that are marked with a triangle and red box. (B) The clustering heatmap of QS-related DEGs, revealing the down-
regulated expression of most QS genes. (C) The schematic diagram of P. aeruginosa QS network and its downstream virulent factor-related genes, showing the 3 main QS systems: 
las, pqs, and rhl. Genes with decreased expression in the QS network are marked in blue. (D) Comparison of the QS regulatory gene expression between peptide-treated group and 
untreated group (n = 3). (E) Virulence-associated genes regulated by the QS network also showed significantly down-regulated gene expression (n = 3). TCA, tricarboxylic acid.
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Fig. 6. 20:80-Bu:DM eradicates bacteria in vivo and inhibits biofilm colonization in P. aeruginosa pneumonia. (A) Illustration of the establishment of the bacterial pneumonia 
model and the administration process. (B) Photographs of the lungs taken out from the infection pneumonia mice with different drug treatments, showing the differences 
in morphology and pathological symptoms. (C) The wet/dry ratio of the lungs for tissue edema analysis and the 20:80-Bu:DM-treated group showed significantly reduced 
edema compared with the control and LEV-treated group (n = 3). (D) Viable bacteria in lungs were examined by plate counting method, and (E) the quantitative result showed 
that the 20:80-Bu:DM has a statistically significant increase in bacteria elimination efficiency in vivo compared with LEV (n = 3). (f) Gram-stained sections of lungs from 
infected mice. The bacterial cluster is marked with red boundaries and red arrows, and the 20:80-Bu:DM-treated lung shows reduced bacteria infiltration and accumulation 
in tissue. (G) TEM images of infiltrating bacteria in the lung. 20:80-Bu:DM-treated bacteria show morphological changes and content leakage corresponding with the in vitro 
characterization. (H) Lung cross-sections of PAO1-GFP strain-infected mice. The blue part is tissue stained with DAPI, and the green indicates the bacteria distribution. In the 
control group, a large number of bacteria attached to the bronchial wall will develop into a biofilm, and the 20:80-Bu:DM shows an inhibitory effect against biofilm formation 
in vivo. Significance of differences was determined using the one-way ANOVA method. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <0.0001. i.v., intravenous.

https://doi.org/10.34133/research.0051
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20:80-Bu:DM demonstrates excellent biofilm 
elimination activity
Many studies have demonstrated the advantages of cationic 
HDPs in penetrating biofilms [51–53]; thus, we believed that 
20:80-Bu:DM also has the potential for antibiofilm application 
(Fig. 4A). To investigate the antibiofilm activity of 20:80-Bu:DM, 
we incubated mature P. aeruginosa biofilms with different con-
centrations of 20:80-Bu:DM and stained those with SYTO 9 for 
evaluation. From the three-dimensional reconstruction models 
of the biofilms (Fig. 4B), we analyzed the thickness (Fig. 4C) 
and bacteria density (indicated with the fluorescent intensity of 
SYTO 9) of the biofilms (Fig. 4D). 20:80-Bu:DM demonstrated 
a biofilm inhibitory effect with the concentration increasing. 
The thickness and bacteria density of biofilms showed marked 
reduction at the concentration of 50 μg/ml, and the biofilm was 
almost eradicated at the concentration of 200 μg/ml. The num-
ber of viable bacteria in biofilms was counted, and the results 
were shown in Fig. 4G and H. In line with the above data, 
bacteria were eliminated under the treatment of 20:80-Bu:DM 
(200 μg/ml), which was determined as the minimum biofilm 
eradication concentration (MBEC) value. The pyocyanin (PYO), 
a representative virulence factor secreted by P. aeruginosa dur-
ing biofilm formation, was extracted and quantified (Fig. 4E 
and F). The PYO secretion of P. aeruginosa exhibited a signifi-
cant decrease when the concentration of 20:80-Bu:DM reached 
50 μg/ml, and it was hard to detect the PYO when the concen-
tration of 20:80-Bu:DM reached 200 μg/ml, demonstrating the 
effective antivirulence and antibiofilm effect of 20:80-Bu:DM.

20:80-Bu:DM suppresses QS of bacteria
The reduction of PYO (generally as a marker to assess the QS 
behavior) secretion in previous experiments showed the pos-
sible effect of 20:80-Bu:DM against QS. Thus, we collected the 
mature biofilms exposed to 20:80-Bu:DM (lower than MBEC) 
and sent for RNA sequencing (RNA-seq) to analyze the existed 
impact on the QS pathway at the transcriptional level. The num-
ber of differentially expressed genes (DEGs) was counted and 
shown in the volcano plot (Fig. S10). There were a total of 3,320 
genes significantly changed under 20:80-Bu:DM treatment; 726 
were up-regulated (log2 fold change > 1), and 772 were 
down-regulated (log2 fold change < −1). The DEGs were all 
matched with the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway database for KEGG pathway mapping. The 
top 10 pathways with the most DEGs were screened out (Fig. 
S11A), containing biofilm formation and QS pathways that were 
vital to the environmental adaptability, virulence, and drug 
resistance of bacteria. According to the KEGG functional anno-
tations, the DEGs participated in the biological pathway were 
classified into 5 main branches and several subcategories to 
draw the KEGG pathway classification map (Fig. S11B), and 
the distribution of QS-related genes was highlighted. We found 
that the QS-related DEGs most focused on the functional term 
of cellular processes–cellular community, revealing the occurred 
changes in bacterial communities caused by 20:80-Bu:DM. The 
KEGG pathway enrichment analysis (Fig. 5A) was further con-
ducted to confirm, and, as expected, DEGs were significantly 
enriched in the above 2 pathways, indicating that 20:80-Bu:DM 
could affect the QS system, thereby interfering with the biofilm 
formation of the P. aeruginosa. The heatmap exhibits the 
down-regulated expression of the key QS genes (Fig. 5B). We 
studied 3 important QS systems including las, rhl, and pqs, and 

the considerably down-regulated gene expression was detected 
in different levels of the hierarchical QS network (Fig. 5C and 
D). The results were corresponding with the reduced produc-
tion of the PYO, whose biosynthetic genes were coactivated by 
the rhl and pqs system [54,55], and the 2 QS systems were cen-
trally regulated by the las system [56,57]. Meanwhile, the 
expression of various virulence-associated genes regulated by 
the QS network upstream such as lasA, lasB, lecA, PA2569, phz-
ABCDEFG, phnAB, and rhlAB was also substantially down-
regulated (Fig. 5C and E), demonstrating that the 20:80-Bu:DM 
treatment could reduce the virulence of the P. aeruginosa.

20:80-Bu:DM inhibits biofilms and cures  
P. aeruginosa pneumonia
We investigated the therapeutic effect of 20:80-Bu:DM on the 
P. aeruginosa pneumonia model, and the process of model 
establishment and drug administration is shown in Fig. 6A. A 
sham surgery group was set to exclude the influence of the sur-
gery, and a group treated with an equal dose of levofloxacin 
(LEV), a clinically used broad-spectrum antibiotic, was set for 
comparison. The lungs of mice were excised and photographed 
for observation (Fig. 6B). For the control group, swelling and 
extensive dark red areas (marked by yellow lines) appeared on 
the lungs, which meant hemorrhage and congestion. The patho-
logic symptoms were considerably alleviated for the LEV and 
20:80-Bu:DM groups, in which the appearance of lungs was 
closer to the sham surgery group and showed a normal pink 
color. The pulmonary edema was determined by the wet/dry 
weight ratio of the excised lungs (Fig. 6C). The LEV and 20:80-
Bu:DM treatment groups had significantly reduced edema com-
pared with the control, and 20:80-Bu:DM seems to show a better 
healing effect than the LEV. We then enumerated the viable 
pathogens in the lungs to further evaluate the antimicrobial 
efficiency of 20:80-Bu:DM in vivo (Fig. 6D and E). Mice with 
LEV and 20:80-Bu:DM treatments showed a significant decrease 
in bacteria count in the lung. Moreover, the bacterial level in 
the 20:80-Bu:DM group was significantly lower compared with 
the LEV, indicating a higher efficiency of 20:80-Bu:DM against 
bacteria in P. aeruginosa pneumonia. The excised lungs were 
then sliced and stained with Gram staining to observe the bac-
teria inside (Fig. 6F and Fig. S12). For the control group, a large 
number of bacteria infiltrated and accumulated in the tissue, 
while being small clusters of bacteria in the LEV group and only 
a few dispersed bacteria in the 20:80-Bu:DM group. The bacte-
rial morphology in vivo was analyzed by TEM images (Fig. 6G 
and Fig. S13). We found that bacteria in the lung of the 20:80-
Bu:DM group had destroyed morphology and content leakage, 
which was substantially consistent with the appraisal in vitro.

With the bacterial penetration and proliferation in the 
lung, acute pneumonia might develop into a chronic one, and 
the biofilm would gradually form and colonize in the lung 
during the period [58–60]. To visualize the development of 
the lung infection, we used green fluorescent protein (GFP)-
labeled P. aeruginosa O1 (PAO1) to infect the mice for fluo-
rescence imaging of the cross-sections through the lung 
(Fig. 6H). The bacteria distribution was indicated by the green 
fluorescence, and the tissue was stained with 4′,6-diamidino-
2-phenylindole (DAPI) in blue. For the mice of the control 
group, the PAO1-GFP showed a widespread distribution in 
the whole lung, especially a massive attachment in the bronchial 
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Fig. 7. 20:80-Bu:DM reduces inflammatory response in P. aeruginosa pneumonia. (A) H&E staining lung sections of infected mice. The 20:80-Bu:DM-treated mice show reduced 
inflammatory cells infiltration and histological injury (alveolar septal thickening, Intra-alveolar hemorrhage, hyaline membrane formation, etc.) compared with the LEV and 
control groups. (B to D) Inflammatory cytokine expression measured by ELISA, IL-1β, IL-6, and TNF-α shows decreased expression in the LEV- and 20:80-Bu:DM-treated groups, 
and IL-6 and TNF-α show a statistically significant reduction in the peptide-treated group compared with the LEV-treated group (n = 5). (E to G) Immunohistochemical analysis 
of lung sections. (H to J) Quantitative results of the immunohistochemical analysis, for IL-1β, IL-6, and TNF-α. The 20:80-Bu:DM-treated group shows a significant reduction 
compared with the LEV (n = 3). Significance of differences was determined using the one-way ANOVA method. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <0.0001.
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Fig. 8. 20:80-Bu:DM eradicates pyogenic liver abscess and reduces inflammatory response in ECPLA. (A) A illustration of the ECPLA model establishment and the administration 
process. (B) Photographs of the livers taken from ECPLA mice with different treatments. The liver abscess in the control is highlighted with a yellow circle. (C) Viable bacteria in 
livers of each group. The counted CFU number is shown in the bottom, and viable bacteria are significantly reduced for the 20:80-Bu:DM group (n = 3). (D) H&E-stained liver 
cross-sections show a large amount of inflammatory cell infiltration in the abscess, and there is no obvious inflammatory cells’ infiltration in the 20:80-Bu:DM group. (E and F) IL-6 
expression level and distribution in livers of ECPLA mice. The quantitative results show a statistically significant difference between the control and the 20:80-Bu:DM (n = 3). (G 
and H) MPO expression level indicates the increase in neutrophils in the abscess site, and for the 20:80-Bu:DM group, the MPO expression showed no increase (n = 3). Significance 
of differences was determined using the one-way ANOVA method. **P < 0.01 and ***P < 0.001.
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wall, which meant that the bacterial community was forming 
a biofilm lifestyle. The bacteria accumulation significantly 
decreased with 20:80-Bu:DM treatment, indicating the 
inhibitory effect of the 20:80-Bu:DM on biofilm formation 
in vivo.

20:80-Bu:DM alleviates the inflammatory response
The hematoxylin and eosin (H&E) staining was performed, and 
the overview and the typical images reflected varying degrees of 
inflammation in groups with different treatments (Fig. 7A). For 
mice without drug administration, extensive inflammatory cell 
infiltration and histological injury (alveolar septal thickening, 
intra-alveolar hemorrhage, hyaline membrane formation, etc.) 
were found in the lung. In contrast, LEV- and 20:80-Bu:DM-
treated mice showed less inflammatory cell infiltration and 
reduced lung injury, and 20:80-Bu:DM even demonstrated a bet-
ter inflammation alleviation effect compared with LEV. The 
homogenate of the lung was prepared for quantitative enzyme-linked 
immunosorbent assay (ELISA) of the inflammatory cytokines. 

We measured representative factors including interleukin-1β 
(IL-1β), IL-6, tumor necrosis factor-α (TNF-α), and IL-10 (Fig. 
7B to D and Fig. S14A), which were all significantly decreased in 
the LEV- and 20:80-Bu:DM-treated groups. Notably, partial 
inflammatory factors (IL-6 and TNF-α) were found significantly 
lower in the 20:80-Bu:DM therapy than LEV treatment, indicating 
the clinical application potential of 20:80-Bu:DM. The inflamma-
tory factors were further detected by immunohistological analysis 
of the lung sections. The overview images profiled the distribution 
of inflammatory cytokines in the lung (Figs. S14B and C and S15), 
and the enlarged shots showed the expression level of the cytokines 
under different treatments (Fig. 7E to G). The results were quan-
tified for comparison (Fig. 7H to J). For IL-1β, IL-6, and TNF-α, 
the expression level in the 20:80-Bu:DM-treated group showed a 
significant decrease compared with the control and LEV groups. 
We also assessed myeloperoxidase (MPO), a reliable indicator of 
neutrophils (Fig. S16A and B) and obtained the same conclusion 
that 20:80-Bu:DM could alleviate the inflammatory response of 
the body when fighting against invading bacteria.

Fig. 9. In vivo biosafety of the 20:80-Bu:DM. (A) Body-weight curve in 2 weeks of the mice intravenously injected with 20:80-Bu:DM (5 mg/kg) (n = 10). (B) Survival rate of 
the drug administered mice at day 14. (C to J) Hematology surveys of the mice show all parameters in a normal range, and there are no significant differences between the 
mice injected with PBS and 20:80-Bu:DM (n = 5). (K to N) The blood biochemical test shows the normal function of livers [alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST)] and kidneys [blood urea nitrogen (BUN) and creatinine (CREA)] (n = 5). (O) H&E staining of the main organs, suggesting that there is no significant 
organ toxicity in the 20:80-Bu:DM-treated group. Significance of differences was determined using the Student’s t test.
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20:80-Bu:DM shows effectiveness to ECPLA
Pyogenic liver abscess is also a severe threat to human health 
and contributes to predominant morbidity and mortality his-
torically. We further used ECPLA murine model to verify the 
effectiveness of 20:80-Bu:DM in E. coli-induced infection dis-
eases, and the model establishment and drug administration 
process was followed as illustrated in Fig. 8A. Abscesses appeared 
in the livers of infected mice injected with phosphate-buffered 
saline (PBS), but no obvious purulent appearance emerged in 
livers of mice treated with 20:80-Bu:DM (Fig. 8B). The bacteria 
enumeration was performed and demonstrated outstanding 
antibacterial activities of the 20:80-Bu:DM, which was equiva-
lent to LEV (Fig. 8C). The pathological changes and inflamma-
tion of livers were analyzed afterward using H&E staining (Fig. 
8D). For the control, the abscesses area could be clearly distin-
guished in the liver section, and considerable inflammatory cell 
accumulation was also observed. On the contrary, no obvious 
inflammation was found in the liver sections of LEV and 20:80-
Bu:DM groups. For chemokine response investigation, the con-
trol group showed significantly enhanced secretion of IL-6, 
MPO, and IL-1β; however, the 20:80-Bu:DM group had no sig-
nificantly increased expression in these factors, indicating the 
excellent therapeutic effect of 20:80-Bu:DM for ECPLA (Fig. 8E 
to H and Fig. S17).

In vivo biosafety evaluation of the 20:80-Bu:DM
A 14-day biosafety assessment for 20:80-Bu:DM was carried 
out in vivo. We found that the mice with intravenous injection 
of 20:80-Bu:DM (5 mg/kg) had no significant difference in body 
weight with the mice injected with PBS by a consecutive record 
in 14 days (Fig. 9A). Both groups of mice counted showed 100% 
survival 14 days later (Fig. 9B). For hematology surveys (Fig. 
9C to J), the hematology parameters were all within the normal 
range and showed no significant difference between the groups, 
reflecting that the 20:80-Bu:DM has no obvious hematotoxicity 
at the administered dose. For blood biochemistry analysis, the 
liver function indexes aspartate aminotransferase and alanine 
aminotransferase and the kidney function indexes blood urea 
nitrogen and creatinine were at the normal level, proving that 
20:80-Bu:DM has no obvious toxicity to the liver and kidney. 
For pathological analysis, the main organ slices stained with 
H&E showed no obvious lesions and inflammation in the sec-
tions of the 20:80-Bu:DM, indicating that no organ toxicity of 
the peptides appeared in 14 days (Fig. 9O). In summary, the 
20:80-Bu:DM is validated biosafety in vivo, and it is promising 
for the drug to apply in clinical antimicrobial therapy.

Conclusion
In this work, we developed the HDP-mimicking antimicrobial 
β-peptide polymer 20:80-Bu:DM with enhanced efficiency and 
stability against bacteria. The 20:80-Bu:DM could eradicate bac-
teria in bactericidal and QS interference dual modes, which is 
more effective to target bacteria of different lifestyles, including 
planktonic bacteria and biofilms. For planktonic bacteria, 20:80-
Bu:DM has membrane-targeted antimicrobial activities that can 
destroy the bacterial membranes in an effective and fast way of 
conducting the cell lysis and content leakage and final death. 
For bacterial communities, 20:80-Bu:DM can penetrate deeply 
into biofilms and inhibit their QS system to block bacterial com-
munication leading to bacterial virulence reduction. With QS 

interference and bactericidal dual modes, 20:80-Bu:DM can 
effectively eradicate mature biofilms. For P. aeruginosa pneu-
monia and ECPLA in vivo, the 20:80-Bu:DM is effective to 
eradicate invasive bacteria in tissue and, in the meantime, alle-
viate the excessive inflammation of the body. Moreover, 20:80-
Bu:DM can inhibit biofilm formation in vivo, preventing persistent 
bacterial infection. Together, 20:80-Bu:DM shows great poten-
tial as a promising antimicrobial agent for clinical translation, 
owing to its’ potent therapeutic efficacy and negligible toxicity 
both in vitro and in vivo.

Methods

Bacterial strains and culture growth assay
Bacteria strains E. coli (ATCC 25922) were purchased from 
American Type Culture Collection. Strains of P. aeruginosa 
PAO1 and P. aeruginosa PAO1-GFP were acquired from the 
Second Affiliated Hospital of Zhejiang University. The frozen 
cells were activated in Luria–Bertani (LB) agar plate at 37 °C 
and then overnight grown in fresh LB liquid medium for pro-
liferation. All experimental steps were performed under sterile 
conditions.

Antibacterial analysis in vitro
Bacteria grown in LB for 9 h were diluted in Mueller–Hinton 
(MH) medium to 2 × 105 CFU/ml. 20:80-Bu:DM and magainin 
II were diluted to concentrations ranging from 3.13 to 400 μg/
ml via a 2-fold gradient dilution using MH medium and mixed 
with bacterial suspension with a volume ratio of 1:1. The mixture 
was added into a 96-well plate (100 μl per well) and incubated 
at 37 °C for 9 h, and the optical density value of each well was 
obtained at 600 nm on a SpectraMax M2 plate reader (n = 3). 
Wells containing MH medium only and wells containing cells 
in MH medium without polymer were included in the same 
plate as blank and positive control, respectively. The percentage 
of bacterial cells survival was calculated as follow:

The MIC was defined as the minimum concentration of anti-
bacterial agents to completely inhibit bacterial growth.

For simulating physiological conditions, MH medium con-
taining 10% FBS was used for the antibacterial test. For anti-
proteolysis testing, 20:80-Bu:DM and magainin II were mixed 
with trypsin respectively at a ratio of 1:100 (w/w) and incubated 
at 37 °C for 40 min. Before MIC testing, the samples were 
heated for 10 min at 90 °C for protease inactivation (n = 3).

For the antibacterial test with higher bacterial concentra-
tions, the bacteria were diluted in MH medium to a cell density 
at 2 × 107 or 2 × 108 CFU/ml (n = 3).

SEM and TEM images and live/dead staining  
for the evaluation
For SEM characterization, PAO1 working suspension at a concen-
tration of 107 CFU/ml was treated with 20:80-Bu:DM (12.5 μg/
ml) for 30 min. Bacteria were collected from centrifugation, 
washed with PBS, and then fixed using 4% glutaraldehyde in 
PBS at room temperature overnight. The fixed bacteria were 
washed with PBS once and sequentially dehydrated with gradi-
ent ethanol (30%, 50%, 70%, 80%, 90%, 95%, and 100%). Then, 
the sample was dried in air and used directly for field-emission 

(
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scanning electron microscopy characterization (Hitachi S-4800). 
For TEM characterization, PAO1 (108 CFU/ml) was incu-
bated with 20:80-Bu:DM (100 μg/ml) at 37 °C. After 6 h, the 
bacteria were harvested and washed twice with PBS by centrif-
ugation at 8,000 rpm for 5 min. PAO1 was fixed with 2.5% gluta
raldehyde in PBS at 4 °C for 24 h and sent to the Analysis Center 
of Agrobiology and Environmental Sciences and Institute of 
Agrobiology and Environmental Sciences, Zhejiang University 
(Zhejiang, China) for observation (Hitachi H-7650, Japan). 
SYTO 9/PI double-stained kit (L7012 LIVE/DEAD BacLight 
Bacterial Viability Kit, Thermo Fisher Scientific, USA) was used 
to stain the treated bacteria. Fluorescent images were photo-
graphed by the confocal laser scanning microscope (Leica TCS 
SP8, Germany).

Time-lapse fluorescent confocal imaging of bacteria
Mid-logarithmic phase PAO1 was diluted in MH medium to 
2 × 107 CFU/ml. Ten microliters of PAO1 working suspension 
in MH was dropped onto a glass-bottomed culture dish and 
was kept still for 10 min. Dye-20:80-Bu:DM (50 μg/ml; in MH 
medium) was mixed with PI (80 μg/ml; in MH medium) at 1:1 
(v/v) ratio, and then 10 μl of the solution was added into the 
bacteria drop, followed by immediate microscope imaging of 
bacteria on a 30-s time scale using 3 channels, the bright field 
of differential interference contrast, 488 nm of detecting dye-
20:80-Bu:DM, and 562 nm of detecting PI.

Visualization of the bacterial membrane disruption
PAO1 grown to logarithmic phase was mixed with FM 4-64 
(10 μg/ml) at a ratio of 1:1. For 10 min of incubation on ice, 
the suspension was dropped into the glass bottom of a confocal 
petri dish and settled statically for 10 min. Dye-20:80-Bu:DM 
(50 μg/ml) was added at the ratio of 1:1, and the photographs 
were immediately taken (Leica TCS SP8, Germany). The rest 
of the suspension was incubated with dye-20:80-Bu:DM 
(25 μg/ml) at 4 °C for 12 h. Bacteria stained with FM 4-64 but 
without dye-20:80-Bu:DM were served as control.

Evaluation of antibiofilm effects of the 20:80-Bu:DM
For the biofilm fluorescence imaging analysis, the planktonic 
bacteria were grown in the 6-well plate [PAO1 (105 CFU/ml) 
was seeded in 2 ml of LB, and for confocal analysis, the biofilm 
was formed in a piece of coverslip] for 2 days to allow the bio-
film formation. The mature biofilm was treated with PBS or 
20:80-Bu:DM (0, 25, 50, 100, and 200 μg/ml) for 24 h, respec-
tively. The supernatant was separated for PYO extraction. The 
biofilm was washed with PBS and stained with SYTO 9 for 
observation. The bacteria density and thickness of the biofilm 
were quantified with the confocal laser scanning microscope.

The PYO quantification assay was conducted by extraction 
with chloroform and hydrochloric acid (HCl) orderly. A total 
of 50% total volume of chloroform was added to the culture. 
The sample was vortexed vigorously for 30 s and then settled 
for 10 min. We discarded the upper layer (aqueous phase) and 
carefully transferred the chloroform layer (blueish portion) into 
a fresh tube. Twenty percent of the total volume of 0.2 M HCl 
was added and thoroughly mixed with the extraction by vortex 
oscillation. After 15 min of the settlement, the aqueous phase 
turned to pink and the blue chloroform fraction became clear. 
The upper layer (aqueous fraction) was the extracted PYO and 
its absorbance at 520 nm was measured for quantification.

For MBEC evaluation, biofilms were formed in a 96-well plate 
and treated with different concentrations of 20:80-Bu:DM (0, 25, 
50, 100, 200, and 400 μg/ml) for 24 h. Subsequently, the biofilms 
were washed twice and collected in 1 ml of PBS for ultrasonica-
tion. The bacterial number was counted by spread plate.

Animals
Pneumonia and pyogenic liver abscess models were established 
with 7-week BALB/c mice purchased from Shanghai SLAC 
Laboratory Animal Co. Ltd. (Shanghai, China). The whole ani-
mal procedures in this study were obtained approval of the 
Institutional Animal Care and Use Committee of Zhejiang 
University.

Bacterial pneumonia models
For the pathogen preparation, PAO1 grown to the logarithmic 
phase was centrifuged and washed twice with PBS. The har-
vested bacteria were resuspended with PBS to the concentration 
of 5 × 106 CFU/ml, and the bacterial suspension was put on ice 
to keep active. The animals were anesthetized by airway inhala-
tion with isoflurane and then tracheotomized. Subsequently, 
50 μl of the PAO1 was intratracheally injected into the lung using 
the insulin needle. For the mice of the sham surgery group, 
50 μl of PBS was injected intratracheally instead of the bacterial 
suspension. Then, the incision was sutured with surgical staples, 
and anesthesia was removed. The postoperative mice were kept 
warm and woke up about 10 min later. Two hours after the PAO1 
challenge, 200 μl of 20:80-Bu:DM (500 μg/ml) or LEV (500 μg/
ml) was injected intravenously into the mice, respectively. 
Twenty-four hours later, the mice were euthanized, and the whole 
lung of each mouse was excised for analysis of morphology, 
histology, pathology, quantitative bacteriology, and immunol-
ogy. The morphological observation was performed with a ster-
eomicroscope (Leica S9i, German).

Pulmonary edema measurement
Pulmonary edema of the infected lungs was evaluated with the 
lung wet-to-dry weight ratio. The freshly excised lungs were 
immediately weighed, and the values were recorded as the wet 
weight. Subsequently, the lungs were placed into an oven at 60 °C 
for 48 h. Weights of the dried lungs were measured, and the 
values were served as the dry weight.

Bacteriological evaluation
The infected lung was obtained 24 h after treatment for bacte-
riological evaluation. For bacterial enumeration, the freshly 
excised whole lung was added into 1.5 ml of a sterile tube 
(Eppendorf, Germany), and 500 μl of the PBS was added to 
homogenize (TissuePrep, China). One hundred microliters of 
the tissue homogenates were diluted to 1,000 μl of PBS, and 
100 μl of the mixture was taken for the plate-counting method 
(n = 5). For TEM imaging, the excised lungs were fixed with 
2.5% glutaraldehyde in PBS at 4 °C for 24 h. Then, the samples 
were cut into small pieces (1 mm × 3 mm × 1 mm) and sent 
for observation. For the Gram staining method, the lungs were 
fixed with formalin, embedded in paraffin, and finally sliced 
for the Gram staining.

Fluorescent imaging of PAO1 lung infection
The PAO1-GFP strain was used to establish the lung infection 
model. Twenty-four hours later, the lungs were excised and 
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embedded in optimal cutting temperature compound and fro-
zen at −80 °C. The frozen tissue was sliced in a cryostat (Leica 
CM1950, Germany). The frozen lung sections were stained by 
DAPI and photographed by the Operetta CLS High-Content 
Analysis System (PerkinElmer, USA).

Inflammation analysis
The cytokine levels in lung homogenates (24 h after infection) 
were measured by ELISA (Boster Biological Technology Co. 
Ltd., Wuhan, China). The lung homogenates were prepared as 
per the above protocol and centrifuged at 4 °C (10,000g for 
10 min). The supernatants were separated out and saved in 
−80 °C. When performing the ELISA, samples were previously 
thawed on ice for 20 min. Meanwhile, the lung sections (24 h 
after infection) were prepared for H&E staining and immuno-
histochemical analysis.

Pyogenic liver abscess models
The infectious E. coli suspension was prepared as follows: 
Logarithmic phase E. coli were harvested and washed twice by 
centrifugation, resuspended with PBS, and diluted to the con-
centration of 2 × 108 CFU/ml. The pyogenic liver abscess model 
was established following the previous report. A transverse 
incision was made in the abdomen of the anesthetic mouse to 
expose the liver. Then, 50 μl of the bacterial suspension was 
injected into the liver parenchyma, and the incision was 
sutured. One hour later, the mice were randomly divided into 
3 groups and treated with 200 μl of PBS, LEV (500 μg/ml), and 
20:80-Bu:DM (500 μg/ml), respectively. The mice were sacri-
ficed after 3 days, and the livers were harvested. For bacterial 
enumeration, livers were homogenized and diluted with PBS. 
The plate-counting method was used to evaluate the bacterial 
number. The livers were fixed and cut into tissue sections. H&E 
staining, Gram staining, and immunohistochemical staining 
were performed for histological and pathological analysis.

In vivo biosafety evaluation
Healthy mice were injected intravenously with 200 μl of 20:80-
Bu:DM (500 μg/ml). Body weight of the mice was consecutively 
measured for 2 weeks, and the survival rate was calculated. The 
blood of mice was collected, the plasma was sent for a hema-
tology survey (n = 5), and the serum was separated out for 
biochemistry analysis (n = 5). After the mice were euthanized, 
the main organs were taken from the mice and processed to 
sections for H&E staining.

Statistics
The data of RNA-seq were analyzed by OriginLab 2020, and the 
other statistics in this study were all analyzed by GraphPad 
Prism 8. The data in experiments were all presented as means 
± SD with error bars. The statistical differences for multiple 
comparisons were analyzed by the one-way analysis of variance 
(ANOVA) method, and all the data were tested to be homoge-
neous before the one-way ANOVA analysis. For the in vivo 
biosafety evaluation, the significance of differences between the 
2 groups was determined by the double-tailed Student's t test. 
The significant differences were shown as the following: *P < 
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

For RNA-seq, the data were analyzed by the double-tailed 
Student's t test, followed by multiple test correction by the 
Benjamini–Hochberg method. The data were input into the 

KEGG database to calculate the gene number in different 
pathways, and the analysis tool, KEGG mapper, was used 
to draw the classification map. The KOBAS software (3.0) was 
used to statistically analyze the enrichment of DEGs in KEGG 
pathways.
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Fig. S2. Cytotoxicity of the 20:80-Bu:DM in vitro.
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Fig. S15. Overview images showed expression level and distri-
bution of the secreted inflammatory factors (IL-1β, IL-6, and 
TNF-α) in the lungs of mice with different treatments, and the 
inflammation in the 20:80-Bu:DM group showed significant 
reduction.
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Fig. S17.
Fig. S18. 1H NMR spectrum of compound 1 in CDCl3, 400 MHz.
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