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P-a-02-B, a screened analogue, 
displayed broad-spectrum and potent 
antimicrobial activity with high 
bacterial selectivity 
P-a-02-B exhibited superior plasma 
stability, overcoming a major 
limitation of traditional AMPs. 
When combined with levofloxacin, 
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Introduction: In recent years, cationic amphipathic antimicrobial peptides (AMPs) have shown great pro-
mise in combating antibiotic resistance on account of their distinctive membrane-disruptive mechanism. 
However, the clinical application of AMPs is restricted by their unsatisfactory stability and safety. 
Although attempts have been made to improve the stability and safety of AMPs, many of them are accom-
panied by a decline in their antimicrobial activity and bacterial selectivity. 
Objectives: To develop AMPs with excellent and balanced antimicrobial activity, stability, and safety 
using a combination strategy. 
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Introduction 

The rapid spread of infectious diseases resulting from 
multidrug-resistant (MDR) bacteria, which are difficult for conven-
tional antibiotics to cope with, poses a great threat to our health 
system [1–3]. There is an urgent need for novel and efficacious 
antimicrobial drugs. In recent years, AMPs with broad-spectrum 
and potent antimicrobial activity against MDR bacteria has raised 
great concern and become promising alternatives to conventional 
antibiotics [4]. AMPs are generated by numerous life forms and 
function as crucial elements of the host defense system [5]. For 
the majority of AMPs, their principal mechanism of action lies in 
disrupting the bacterial membrane, a process that is both swift 
and non-specific [6]. Due to the highly-conservative structures of 
bacterial membranes, it is difficult for AMPs to induce drug-
resistance among MDR bacteria [7–9]. Besides, certain AMPs 
demonstrate synergistic effects when combined with conventional 
antibiotics because of their complementary action mechanisms 
[10,11], and many AMPs could inhibit and disrupt bacterial bio-
films, which are tolerant to conventional antibiotics [12,13]. 

Although AMPs possess the advantages above stated, their clin-
ical application is hampered by their susceptibility to degradation, 
which results from the inherent characteristics of peptide drugs 
[8]. Besides, the non-specific cytotoxicity of AMPs brings about cer-
tain safety risks in clinical practice [5]. For example, the commer-
cial AMPs, gramicidin and polymyxins, have been reported to cause 
adverse events like nephrotoxicity and neurotoxicity [14]. Several 
strategies such as cyclization, truncation, and terminal modifica-
tion have been adopted to overcome the drawbacks of AMPs. How-
ever, most of the time, these strategies fail to achieve an 
equilibrium between the antimicrobial activity, stability and safety 
of AMPs [15]. Developing novel AMPs with effective antimicrobial 
potency, high resistance to proteolysis, and low toxicity for clinical 
application remains a challenging issue. 

For cationic amphipathic AMPs, moderate amounts of cationic 
and hydrophobic moieties can facilitate their binding to and insert-
ing into bacterial membranes, which is indispensable for the mem-
brane disruption action [7,16,17]. Regulating the positive charges 
and hydrophobic properties (hydrophobicity and hydrophobic 
moment) are proven to be effective in improving the antimicrobial 
activity and selectivity index (SI) of AMPs [18]. Besides, mounting 
evidence suggests that the basic amino acids in cationic AMPs, 
known as Lys and Arg, are susceptible to plasma digestion, which 
results in a short half-life as well as the loss of antimicrobial activ-
ity of AMPs [19]. Several approaches have been utilized to prolong 
the half-life of cationic AMPs, among which the incorporation of 
unnatural amino acids not only protects AMPs from the proteolysis 
by plasma, but also increase their SI [20–22] . 

To develop AMPs with excellent and well-balanced antimicro-
bial activity, stability and safety, a combination strategy of subtly 
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adjusting the charges, hydrophobic properties, and introducing 
specific unnatural amino acids was employed. In this study, a 
sequence of sC184b-derived peptide analogues were designed and 
synthesized. The antimicrobial activity of the peptides against both 
standard and MDR bacteria was evaluated, and their cytotoxicity, 
hemolytic activity and stability were investigated. P-a-02-B, which 
was screened to be the preferred compound, was further investi-
gated on its anti-biofilm potentials, mode of actions, synergistic 
effects with levofloxacin, in vivo antimicrobial activity and phar-
macokinetic in detail. 

Materials and methods 

Materials 

Rink amide resin was obtained from Nankai Hecheng (Tianjin, 
China). Fmoc-protected amino acids were obtained from GL Bio-
chem (Shanghai, China). N,N’-Diisopropylcarbodiimide (DIC), tri-
fluoroacetic acid (TFA), m-cresol, anisole, ethanedithiol, 
trifluoroethanol (TFE) were obtained from J & K Scientific (Beijing, 
China). Ethyl 2-cyano-2-(hydroxyimino) acetate (Oxyma) was 
obtained from CSBio (Shanghai, China). Piperidine and acetic anhy-
dride were obtained from Sinopharm Chemical Reagent Co., Ltd 
(Shanghai, China). Dulbecco’s Modified Eagle Medium (DMEM), 
penicillin–streptomycin (PS), fetal bovine serum (FBS), 0.25 % 
trypsin-EDTA and phosphate-buffered saline (PBS) were obtained 
from Gibco (Grand Island, NY, USA). Nutrient broth and nutrient 
agar were purchased from Beijing Land Bridge Technology Co., 
Ltd (Beijing, China). The Cell Counting Kit-8 (CCK-8) was obtained 
from Dojindo Molecular Technologies, Inc (Kumamoto, Japan). 
Levofloxacin and meropenem trihydrate were obtained from 
Macklin (Shanghai, China). Crystal violet, 4-(2-hydroxyethyl)-1-pi 
perazineethanesulfonic acid (HEPES), 1-N-phenylnaphthylamine 
(NPN) and 2-Nitrophenyl b-D-galactopyranoside (ONPG) were 
obtained from Aladdin (Shanghai, China). Triton X-100, Propidium 
iodide (PI), 6-diamidino-2-phenylindole (DAPI) were purchased 
from Beijing Solarbio Science & Technology Co., Ltd (Beijing, 
China). 

Peptide synthesis and purification 

Peptides with amidated C-terminus were synthesized by a 
microwave peptide synthesizer (CEM, USA). Briefly, the Fmoc-
protected amino acids were attached to the rink amide resin 
sequentially. Piperidine/DMF (20 %, v/v) solution was employed 
as the deprotection agent and DIC/Oxyma as the coupling reagent. 
Acetic anhydride was coupled to the N-terminus of the peptides. 
The final cleavage was carried out at 0 °C (0.5 h) and then at room 
temperature (2.5 h) successively, using a cleavage reagent (TFA 
(90 %)/anisole (5 %)/m-cresol (3 %)/ethanedithiol (2 %)).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Circular dichroism (CD) measurements 

Peptides were dissolved in the TFE/PBS (50 %, v/v) solution, 
which was capable of mimicking the membrane environment. 
The parameters of the CD instrument (Claix, France) were set as 
follows: wavelength between 185 and 270 nm, a time response 
of 2 s, a resolution of 0.5 nm, a bandwidth of 4.0 nm, and a speed 
of 50 nm/min. After background subtraction and smoothing, the 
final curves of the peptides were obtained. 

Bacterial strains 

The MDR bacterial strains, including S. aureus, E. aerogenes, A. 
baumannii, C. freundii were obtained from the Department of Lab-
oratory Medical Center of General Hospital of Northern Theater 
Command (Shenhe District). The standard bacterial strains, includ-
ing E. coli ATCC 25922 and B. subtilis ATCC 6633 were obtained 
from China National Institute for the Control of Pharmaceutical 
and Biological Products (Beijing, China). All bacterial strains were 
stored in 50 % sterile glycerol at 80 °C. 

Minimal inhibitory concentrations (MICs) assay 

The MIC assay was performed according to the broth microdilu-
tion procedure. Briefly, 50 lL of sterile broth was added into each 
well of plates. Then, samples dissolved in physiological saline 
(50 lL) were added to the first lines of plates, and then two-fold 
serial dilutions were carried out. Each sample was repeated in trip-
licate. Subsequently, bacterial suspensions (50 lL; 1.0 106 CFU/ 
mL) were added into each well. After an incubation at 37 °C for 
16 h while being constantly agitated, the MIC was ascertained by 
visual observation in combination with the absorbance measure-
ment at 600 nm with a SpectraMax M5 microplate reader (Molec-
ular, USA). 

Hemolytic assay 

The hemolytic assay was performed by subjecting human ery-
throcytes to peptide samples and gauging the amount of released 
hemoglobin. Fresh human red blood cells (hRBCs) were obtained 
from the heparinized human blood offered by the Clinical Labora-
tory Center of Beijing Friendship Hospital. After centrifugation 
(1800 rpm, 4 °C, 5 min) and PBS washing three times, the concen-
trated hRBCs were resuspended in PBS to prepare a 5 % (v/v) ery-
throcyte suspension. 10 lL of PBS was added into each well of 
plates. Then, samples dissolved in PBS (10 lL) were added to the 
first lines of plates, followed by two-fold serial dilutions. Each sam-
ple was repeated in quintic. Next, 90 lL of the suspension was 
added into each well, leading to a final peptide concentration rang-
ing from 0.78 lM to 50  lM. PBS and 1 % Triton X-100 served as 
negative and positive controls, respectively. The plates were kept 
at 37 °C for 1 h and then centrifuged at 3000 rpm for 5 min. The 
supernatant absorbance at 405 nm was measured by a SpectraMax 
M5 microplate reader (Molecular, USA) to obtain the hemolysis 
data. Median hemolytic concentration (HC50) was obtained with 
the help of SPSS software. SI was calculated as follows: 

SI=HC50 (lM) / geometric mean (GM) of MICs (lM). 

Cytotoxicity assay 

The cytotoxicity of peptides was evaluated by CCK-8 assay with 
the human embryonic kidney 293 T cell line. After incubation for 
24 h, the 293 T cells in 96-well plates were subjected to different 
concentrations of peptides dissolved in DMEM medium (100 lL) 
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and incubated for 24 h. Later, the solution of each well was mixed 
with CCK-8 reagent (10 lL). Each sample was repeated in quintic. 
After incubation for 2 h at 37 °C, the absorbance at 450 nm was 
measured using a SpectraMax M5 microplate reader (Molecular, 
USA). 

Stability assays 

Firstly, the plasma stability of peptides was measured through 
high-performance liquid chromatography (HPLC) analysis. Briefly, 
peptides were prepared as solutions of 8, 4, 2, 1, 0.5, 0.25, 0.125, 
0.0625 mM in deionized water, which were used to establish the 
standard curves using HPLC. Then, peptides were prepared as an 
8 mM solution in water. Peptide solution (1 mL) was mixed with 
25 % (v/v) blood plasma (3 mL) and then incubated at 37 °C for dif-
ferent time durations with constant agitation. At different time 
points, a mixture (50 lL) containing 90 % acetonitrile and 10 % 
TFA was dropped into the peptide/plasma solution (50 lL) to stop 
the further degradation. This solution was cooled to 4 °C and sub-
sequently centrifuged at 10000 rpm for 10 min to separate the 
plasma proteins as a residue. The supernatant was used for HPLC 
analysis. Each sample was repeated in triplicate. 

Subsequently, the plasma stability of peptides was evaluated by 
determining their MICs after different incubation periods with 
blood plasma. Briefly, peptide/PBS solutions were prepared at var-
ious concentrations (400, 200, 100, 50, 25, 12.5, 6.25 and 
3.125 lM). 1.5 ml of blood plasma was mixed with 0.5 ml of pep-
tide/PBS solution, and the mixture was incubated at 37 °C for dif-
ferent time durations with constant agitation. The mixtures at 
different time points were used for the MIC assay, the procedure 
of which was as mentioned above. 

The salt sensitivity of the peptides was assessed by determining 
their MICs in the existence of different salts (150 mM NaCl, 4.5 mM 
KCl, 1 mM MgCl2 and 4 lM FeCl3). The procedure of MIC assay was 
as mentioned above. 

Time-killing kinetics 

The investigation of the time-killing kinetics of the peptides 
was conducted by counting the surviving bacterial cells treated 
with the peptides at different time points. Briefly, bacterial cells 
were treated with the peptides at the concentration of 2 MIC. 
At specific time points (0, 30, 60, 120, 240, 360, and 1440 min), 
20 uL of samples were collected, diluted serially, and plated on 
nutrient agar plates. The bacterial colonies were counted after 
24 h of incubation at 37 °C. Each sample was repeated in triplicate. 
PBS and Polymyxin B served as negative and positive controls, 
respectively. 
Synergistic effects of P-a-02-B with conventional antibiotics 

The synergistic effects of P-a-02-B combined with conventional 
antibiotics levofloxacin or meropenem trihydrate were investi-
gated by determining fractional inhibitory concentration index 
(FICI) through the checkerboard method. P-a-02-B and each antibi-
otic were mixed at the concentration of 2 MIC, and subsequently 
two-fold serial dilutions were prepared in the broth medium. Sub-
sequently, the above mixtures (50 lL) and diluted bacterial sus-
pensions (50 lL, 1.0 106 CFU/mL) were added to each well of 
96-well plates, followed by an incubation for 16 h at 37 °C. The fol-
lowing operations were performed as those of the MIC assay. FICI 
was defined and interpreted as follows: [23]. 

FICI = (MIC of peptide in combination) / (MIC of peptide alone) 
+ (MIC of antibiotic in combination) / (MIC of antibiotic alone).
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FICI 4: antagonism; 1.0 FICI 4.0: indifference; 0.5 
FICI 1: partial synergy; FICI 0.5: synergy. 

Anti-biofilm activity 

Firstly, we assessed the inhibition of biofilm formation. Briefly, 
the peptide solutions (100 lL) at various concentrations were 
added to a 96-well plate to mix with bacterial suspension (10 lL, 
5 106 CFU/mL) in each well. The supernatant was removed after 
24 h of incubation at 37 °C, three times of PBS washing followed. 
The biofilms were first treated with 100 % methanol for 20 min 
and then stained using 0.1 % crystal violet for another 20 min. After 
staining, the supernatant was removed, followed by PBS washing 
three times and air-drying. Then, 100 lL ethanol (95 %, v/v) was 
added into each well, followed by gentle shaking to dissolve the 
biofilms. Each sample was repeated in triplicate. The absorbance 
at 600 nm was measured with a SpectraMax M5 microplate reader 
(Molecular, USA). The broth medium without peptides was used as 
a control. Biofilm production rate was defined according to the fol-
lowing equation: 

Biofilm production rate (%) = OD Peptide / OD  Control 100 %. 

Subsequently, the disruption of the established biofilms was 
assessed. Briefly, bacterial suspensions (100 lL; 5.0 105 CFU/ 
mL) were added into each well of a 96-well plate, followed by incu-
bation at 37 °C for 24 h under static conditions to enable the for-
mation of biofilms. After incubation, the established biofilms 
were treated with the peptide solutions for another 24 h. The fol-
lowing operations were performed as described above. Each sam-
ple was repeated in triplicate. The broth medium without 
peptides served as a control. Biofilm remaining rate was defined 
as follows: 

Biofilm remaining rate (%) = OD Peptide / OD  Control 100 %. 

Outer and inner membrane permeabilization assays 

The peptide-induced bacterial outer membrane permeabiliza-
tion was evaluated through the NPN assay. After being centrifuged 
at 1000 g for 10 min, E. coli ATCC 25922 bacterial cells were col-
lected, washed three times with HEPES buffer (5 mM), and diluted 
to an OD600 of 0.5 in HEPES buffer. NPN (50 lL, 40 lM) was added 
to a 96-well black plate, subsequently the bacterial suspensions 
(100 lL) and different peptide solutions (50 lL) were added suc-
cessively. Each sample was repeated in triplicate. The fluorescence 
(excitation at 350 nm and emission at 420 nm) was determined 
every 1 min over a 12-min period using a SpectraMax M5 micro-
plate reader (Molecular, USA). HEPES served as a control. 

The peptide-induced bacterial inner membrane permeabiliza-
tion was evaluated by determining the intracellular activity of b-
galactosidase. After being centrifuged at 1000 g for 10 min, E. coli 
ATCC 25922 bacterial cells were collected, washed three times 
with PBS, and diluted to an OD420 of 1.2 in PBS. ONPG (30 mM, 
10 lL) was added to a 96-well transparent plate, subsequently 
the bacterial suspensions (90 lL) and different peptide solutions 
(100 lL) were added successively. Each sample was repeated in 
triplicate. The absorbance at 420 nm was measured every 5 min 
for a total duration of 135 min using a SpectraMax M5 microplate 
reader (Molecular, USA). PBS and 1 % Triton X-100 were used as 
negative and positive controls, respectively. 
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Transmission electron microscopy (TEM) assay 

After being centrifuged at 1000 rpm for 10 min, S. aureus and 
E. coli ATCC 25922 bacterial cells were collected, washed three 
times with PBS, and resuspended to 1 108 CFU/mL. The bacterial 
cells were treated with sC184b and P-a-02-B at the concentration 
of 2 MIC at 37 °C with constant agitation for 2 h, and the bacterial 
cells treated with sterile broth served as the control. After treat-
ment, the cells were harvested and post-processed for the final 
observation by TEM. 

Confocal laser scanning microscopy (CLSM) assay 

Bacterial cells were obtained after centrifugation at 1000 rpm 
for 10 min. They were washed three times using PBS and then 
re-suspended to 1 108 CFU/mL. The bacterial cells were treated 
with sC184b and P-a-02-B at the concentration of 2 MIC at 
37 °C with constant agitation for 1 h, and the bacterial cells treated 
with sterile broth served as the control. Following another cen-
trifugation at 1000 rpm for 10 min, the bacterial cells were gath-
ered, washed three times with PBS, and then exposed to PI (20 
lg/mL) for 10 min at 4°C in darkness. Then, the bacterial cells were 
centrifuged (1000 rpm, 10 min), washed three times with PBS, and 
exposed to DAPI (20 lg/mL) for 10 min at 4 °C in the dark. After 
centrifugation and PBS washing three times, the bacterial cells 
were resuspended in PBS. The suspensions were transferred to 
glass-bottom dishes for CLSM observation. 

All-atom molecular dynamics (AAMD) simulations 

The peptides sC184b (GLRKRLRKFFNKIKF-NH2) and P-a-02-B 
(Ac-GLZOWLZOFWNOIOZ-NH2) were predicted by PEP-FOLD4. 
The YASARA software suite v.23.5.19 was employed to build the 
models and perform AAMD simulations [24]. To mimic the inner 
membrane (IM) of Gram-negative bacteria, asymmetric bilayer 
membrane composed of 75 % 1-palmitoyl-2-oleoyl phos-
phatidylethanolamine (POPE) and 25 % 1-palmitoyl-2-oleoyl phos-
phatidylglycerol (POPG) was constructed and neutralized with 
0.9 % Na+ . 

The AMBER14 force field, which is integrated into the YASARA 
suite, was utilized to refine the models. The simulation protocol 
involved optimizing the hydrogen bonding network to enhance 
the stability of the solutes [25], predicting the side-chain pKa of 
each protein at pH 7.4 [26], and performing energy minimization 
to eliminate clashes using steepest descent and simulated anneal-
ing methods. Subsequently, the simulations were conducted using 
the AMBER14 force field for the solutes and the TIP3P water model. 
A 250 ps equilibration period was included in the YASARA MD sim-
ulation macro without an explicit equilibration step. A cutoff of 8 Å 
was applied to non-bonded real-space forces to ensure maximum 
accuracy, albeit at a higher computational cost. The Particle Mesh 
Ewald (PME) method was also employed [27]. The algorithms uti-
lized in this study were described in detail in the literature [28], 
and the equations governing the motions were integrated using a 
multiple time-step of 1.25 fs for bonded and non-bonded interac-
tions, simulating conditions at 298 K and 1 bar (NPT ensemble, 
analogous to a living cell environment). Periodic boundary condi-
tions were implemented. Snapshots were saved every 100 ps, 
spanning a total simulation time of 50 ns. It is noteworthy that a 
longer simulation time was not feasible due to facility limitations. 

Acute toxicity test 

The acute toxicity of P-a-02-B was evaluated in normal mice. 
Briefly, 42 male Kunming mice (8 weeks old) were randomly
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divided into 7 groups, and then intravenously injected with 100 lL 
of P-a-02-B (0, 2.5, 5, 10, 15, 20, and 25 mg/kg), the survival rate of 
mice was monitored within 5 days. In addition, 10 male Kunming 
mice (8 weeks old) were randomly divided into 2 groups, including 
the control group and the P-a-02-B group. The two groups of mice 
were intravenously injected with 100 lL saline and P-a-02-B (10 
mg/kg), respectively. The body weights, behaviors, and survival 
status of each mouse were recorded every day throughout the 
experiment. The blood from eye socket was collected to prepare 
the whole blood and serum samples 7 days postinjection. Then 
the mice were executed, and the main organs were harvested for 
Hematoxylin and Eosin (H&E) staining. 

In vivo antimicrobial assay 

Male Kunming mice (8 weeks old) were obtained from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). 
After environmental adaption for 1 week, all mice were intraperi-
toneally injected with cyclophosphamide (150 mg/kg for 96 h and 
100 mg/kg for 24 h before bacterial infection, respectively) to 
induce the neutropenia. S. aureus (MDR) in saline (100 lL, 
1 109 CFU/mL) was intraperitoneally injected into each mouse 
to establish a S. aureus-infected model. 

2 H after the bacterial inoculation, the mice in administration 
groups (n = 8) were intravenously injected with 5 mg/kg P-a-02-
B, 10 mg/kg P-a-02-B, 2.5 mg/kg levofloxacin, 5 mg/kg P-a-02-B 
combined with 2.5 mg/kg levofloxacin, and 10 mg/kg P-a-02-B 
combined with 2.5 mg/kg levofloxacin (100 lL) respectively. The 
mice in the saline group (n = 12) were treated with saline 
(100 lL). The mice in the control group (n = 6) were not inoculated 
with bacteria. 10 h after the bacterial inoculation, the second 
administration with the same dose was performed. The adminis-
tration for each group were continued for three days with an inter-
val of 24 h. The blood from eye socket was collected for bacterial 
count each day. 62 h after the bacterial inoculation, the mice were 
executed, then the main organs were harvested for H&E staining. 
The body weights and survival status of each mouse were recorded 
each day 

All experimental procedures were conducted in accordance 
with the National Research Council’s Guide for the Care and Use 
of Laboratory Animals, and were approved by the Animal Care 
and Use Committee of National Beijing Center for Drug Safety Eval-
uation and Research (IACUC-2023-002C). 

Pharmacokinetics (PK) 

Male SD rats (200 g 220 g) were obtained from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. (Beijing, China). The 
rats (n = 6) were injected intravenously (10 mL/kg) with P-a-02-
B dissolved in normal saline (1 mg/mL). Blood samples were har-
vested into heparin tubes at 2, 5, 15, 30 min, and 1, 2, 4, 6 h after 
administration. The blood samples were centrifuged to obtain 
plasma, and then precipitated with acetonitrile to remove proteins. 
The concentration of P-a-02-B was monitored by an LC-MS/MS 
system. The quantitative range for P-a-02-B for this experiment 
is 25 ng/mL 5000 ng/mL. Samples above this range were diluted 
with plasma for testing, while samples below this range were 
denoted as BLQ (below the limit of quantitation). The main phar-
macokinetic parameters were calculated using WinNonlin soft-
ware and a non-compartmental model. 

Statistical analysis 

All data in this study were presented as mean ± SD. The statis-
tical differences between different groups were determined by 
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one-way analysis of variance (ANOVA). P-Values less than 0.05, 
0.01, and 0.001 were statistically significant. 

Results and discussion 

Design, synthesis and characterization of AMPs 

sC184b is a cationic amphipathic AMP with broad-spectrum 
antimicrobial activity, which kills bacteria mainly through 
membrane-disruption [29]. To improve the antimicrobial activity 
and stability of the lead peptide sC184b, a series of sC184b ana-
logues were designed and synthesized (Table 1). sC184B was 
obtained by the N-terminal acetylation of sC184b, which was 
reported to be effective in improving the antimicrobial activity 
and stability of AMPs [30,31]. For double-faced amphipathic AMPs, 
it is an effective strategy to enhance their antimicrobial activity by 
increasing their hydrophobicity and hydrophobic moments within 
limits [32,33]. Given the helical wheel projections shown in Fig. 1, 
sC184B was anticipated to adopt a double-faced amphipathic a-
helical secondary structure, which served as the structural basis 
for its antimicrobial effect [34]. In order to obtain AMPs with 
higher hydrophobicity and hydrophobic moments, sC184B ana-
logues (P-a, P-b, P-c) were designed by increasing the hydropho-
bicity of the hydrophobic face separately or increasing the 
hydrophilicity and hydrophobicity of the corresponding faces 
simultaneously. For sC184B, the hydrophilic Arg at position 5 and 
the hydrophobic Phe at position 15 located at its hydrophobic 
and hydrophilic faces, respectively. P-a was designed by exchang-
ing the positions of the above two amnio acids with each other, 
thus increasing the hydrophilicity and hydrophobicity of the 
hydrophilic and hydrophobic faces, respectively. P-b was designed 
by substituting the Arg at position 3 of P-a with Phe. Similarly, P-c 
was designed by substituting the Lys at position 12 of P-b with Phe. 
Compared with P-a, P-b and P-c presented incrementally enlarged 
hydrophobic surfaces and hydrophobicity. 

Besides, different hydrophobic amino acids (Val, Trp, Ile, Leu, 
Ala, Met) were chosen to substitute the Phe at positions 5 and 10 
of P-a, and consequently P-a-01 P-a-06 with varied hydropho-
bicity were obtained. Similar to P-a-02, P-b-02 was obtained by 
substituting the Phe at positions 3, 5 and 10 of P-b with Trp. To 
enhance the stability of P-a-02 and P-a-04, unnatural amino acids 
were incorporated into them. To be specific, homoarginine was 
chosen to substitute Arg to obtain P-a-02-X and P-a-04-X, and 
ornithine was chosen to substitute Lys to obtain P-a-02-O and P-
a-04-O. In addition, P-a-02-B and P-a-04-B were designed by sub-
stituting Arg and Lys with homoarginine and ornithine respec-
tively, and P-a-04-A was designed by substituting both Arg and 
Lys with homoarginine. P-a-02-D and P-a-02-D’ were D-type iso-
mers of P-a-02, with Ile of two different configurations. The purity 
of the peptides was confirmed to be > 95 % (Fig. S1). The molecular 
weights (MWs) of the peptides were confirmed to be correct 
(Fig. S2). 

According to previous reports, the secondary structures of 
AMPs, such as a-helix and b-sheet conformations, are essential in 
dictating their membrane permeabilization [35]. Besides, the a-
helical structure can improve the ability of AMPs to resist enzy-
matic hydrolysis, thus increasing their half-lives and enhancing 
their antimicrobial effects [36,37]. Therefore, we investigated the 
secondary structures of sC184b and sC184b analogues in TFE/PBS 
(50 %, v/v) solution, which could mimic the environment of the 
membrane. The CD spectra showed the characteristic absorption 
bands at wavelengths of 208 nm and 222 nm (Fig. 2), suggesting 
that each of the peptides adopted an a-helical conformation in 
TFE. As expected, due to being composed of D-type amino acids, 
the D-type peptides (P-a-02-D, P-a-02-D’) exhibited opposite
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Table 1 
Sequences and key physicochemical parameters of sC184b and its analogues. 

Compounds Sequencesa MWs tR b 

(min) 
Hydrophobic momentc 

(lH) 
calculated measured 

sC184b GLRKRLRKFFNKIKF-NH2 1950.43 1949.821 10.473 0.561 
sC184B Ac-GLRKRLRKFFNKIKF-NH2 1992.46 1991.265 11.243 0.561 
P-a Ac-GLRKFLRKFFNKIKR-NH2 1992.46 1991.267 12.041 0.784 
P-b Ac-GLFKFLRKFFNKIKR-NH2 1983.45 1983.015 13.284 0.800 
P-c Ac-GLFKFLRKFFNFIKR-NH2 2002.45 2001.567 14.654 0.784 
P-a-01 Ac-GLRKVLRKFVNKIKR-NH2 1896.38 1895.800 11.185 0.758 
P-a-02 Ac-GLRKWLRKFWNKIKR-NH2 2070.53 2069.809 12.047 0.805 
P-a-03 Ac-GLRKILRKFINKIKR-NH2 1924.43 1923.890 11.943 0.785 
P-a-04 Ac-GLRKLLRKFLNKIKR-NH2 1924.43 1923.866 12.246 0.780 
P-a-05 Ac-GLRKALRKFANKIKR-NH2 1840.27 1839.806 10.496 0.717 
P-a-06 Ac-GLRKMLRKFMNKIKR-NH2 1960.51 1959.805 11.650 0.759 
P-b-02 Ac-GLWKWLRKFWNKIKR-NH2 2100.56 2099.708 11.982 0.827 
P-a-02-X Ac-GLZKWLZKFWNKIKZ-NH2 2112.68 2111.758 11.835 N/A 
P-a-02-O Ac-GLROWLROFWNOIOR-NH2 2014.37 2013.701 12.049 N/A 
P-a-02-B Ac-GLZOWLZOFWNOIOZ-NH2 2056.52 2055.254 12.050 N/A 
P-a-02-D Ac-glrkwlrkfwnkikr-NH2 2070.53 2069.384 11.800 N/A 
P-a-02-D’ Ac-glrkwlrkfwnki’kr-NH2 2070.53 2069.731 12.209 N/A 
P-a-04-X Ac-GLZKLLZKFLNKIKZ-NH2 1966.58 1967.402 11.951 N/A 
P-a-04-O Ac-GLROLLROFLNOIOR-NH2 1868.27 1867.807 6.220 N/A 
P-a-04-B Ac-GLZOLLZOFLNOIOZ-NH2 1910.42 1910.363 12.673 N/A 
P-a-04-A Ac-GLZZLLZZFLNZIZZ-NH2 2134.75 2133.897 13.158 N/A 

a D-type amino acids are represented by lower-case letters (i: D-type Ile, i’: D-type Allo-Ile); homoarginine and ornithine are represented by letter Z and letter O, 
respectively. 

b The retention time (tR) on HPLC of each peptide was positively correlated with its hydrophobicity. 
c The hydrophobic moment of the peptide, which was positively correlated with its amphipathicity, was calculated via Heliquest (http://heliquest.ipmc.cnrs.fr/cgi-bin/ 

ComputParams.py). Due to site limitations, the hydrophobic moment of the peptides containing unnatural amino acids cannot be calculated. 

Fig. 1. The helical wheel projections of sC184B, P-a, P-b and P-c, as predicted via HeliQuest (http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py). The hydrophobic amino 
acids on the hydrophobic face of the helix are colored in yellow, the hydrophilic amino acids on the hydrophilic face of the helix are colored blue. The neutral Asn and Gly are 
colored red and grey, respectively. The overall hydrophobic moment (lH) of the peptides is depicted by the arrow.
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Fig. 2. The CD spectra of sC184b (A), P-a and P-b (B), P-a-02 (C), P-a-04 (D) and their corresponding peptide analogues at 50 lM in 50 % TFE/PBS. 
a-helical conformations compared with the corresponding L-type 
one (P-a-02).

Antimicrobial activity 

The antimicrobial activity of all the peptides was assessed by 
determining their MICs against seven bacterial strains (Table 2). 
These sC184b analogues showed appreciable antimicrobial activity 
against all the bacterial strains tested. 

As mentioned above, the positive charges, hydrophobicity and 
hydrophobic moment of AMPs have notable effects on their 
antimicrobial activity. Compared with sC184b, the antimicrobial 
activity of N-terminal acetylated sC184B barely changed, which 
may be due to the slightly changed positive charges and hydropho-
bicity, and the unchanged hydrophobic moment. After amino acid 
exchange and substitution, three sC184B analogues including P-a, 
P-b and P-c, which possessed incrementally enlarged hydrophobic 
surfaces, were obtained. P-a possessed higher hydrophobicity and 
hydrophobic moment compared with sC184B, the antimicrobial 
activity of it increased as expected. To be specific, P-a presented 
a 2-fold reduction in MICs against all the bacterial strains tested 
except for B. subtilis ATCC 6633. Despite the higher hydrophobicity 
and hydrophobic moment, P-b did not exhibit higher antimicrobial 
activity compared with P-a, which could be attributed to the 
decreased positive charges [38]. It could also be explained that 
the hydrophobicity of P-b may be out of the limit for its optimum 
antimicrobial activity, which was proven through P-c subse-
quently. P-c showed a significant loss in antimicrobial activity 
compared with P-b, which was likely attributed to its excessively 
high hydrophobicity and decreased positive charges. The results 
suggested that the high antimicrobial potency of AMPs largely 
depended on proper hydrophobic properties and positive charges. 
7

Given the enhanced antimicrobial activity of P-a, six P-a ana-
logues (P-a-01 P-a-06) were obtained by substituting the Phe 
at positions 5 and 10 with different hydrophobic amino acids. 
These analogues possessed equivalent positive charges, different 
hydrophobic moments and varied hydrophobicity. Compared with 
P-a, the antimicrobial activity of P-a-02, P-a-03 and P-a-04 
improved to varying degrees, while that of P-a-01, P-a-05 and P-
a-06 showed significant reduction. Among them, P-a-02 and P-
a-04 showed the highest antimicrobial activity. Notably, the rela-
tive antimicrobial activity of P-a and P-a-01 P-a-06 was posi-
tively related to their hydrophobicity except for P-a-03, which 
indicated that the relative antimicrobial activity between these 
peptides was mainly correlated with their hydrophobicity. It was 
reported that the amphipathic indole side chain in Trp was able 
to anchor the lipid bilayers through the hydrogen bond and 
hydrophobic interaction [33]. Therefore, the introduction of Trp 
into AMPs is an efficacious strategy to mediate the interaction 
between AMPs and bacterial cell membranes, thus promoting the 
membrane disruption by AMPs. However, P-b-02 exhibited a lower 
antimicrobial activity compared to P-b, which could be attributed 
to the decreased hydrophobicity. 

Subsequently, different unnatural amino acids were incorpo-
rated into P-a-02 and P-a-04. Given the results of MIC assays, 
the antimicrobial activity of P-a-02-X and P-a-02-B against A. bau-
mannii was higher than that of P-a-02, their antimicrobial activity 
against the other five bacterial strains remained unchanged. Com-
pared with P-a-04, the antimicrobial activity of P-a-04-X, P-a-04-
O, P-a-04-B and P-a-04-A against E. aerogenes was lower than that 
of P-a-04, their antimicrobial activity against the other five bacte-
rial strains remained unchanged. Overall, the introduction of 
unnatural amino acids could enhance the antimicrobial activity 
of P-a-02 analogues, but failed to enhance that of P-a-04
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Table 2 
MICs of sC184b and its analogues against bacterial strains. 

Compounds MIC (lM) 

Gram-positive bacteria Gram-negative bacteria 

B. subtilis 
ATCC 6633 

S. aureus 
（MDR） 

E. coli 
ATCC 25,922 

E. aerogenes（MDR） A. baumannii （MDR） C. freundii （MDR） 

sC184b 6.25 12.5 12.5 12.5 12.5 12.5 
sC184B 6.25 12.5 12.5 25 12.5 12.5 
P-a 6.25 6.25 6.25 12.5 6.25 6.25 
P-b 6.25 6.25 6.25 12.5 6.25 6.25 
P-c 12.5 50 12.5 50 12.5 50 
P-a-01 6.25 25 12.5 50 12.5 6.25 
P-a-02 3.125 3.125 3.125 6.25 6.25 3.125 
P-a-03 3.125 6.25 3.125 12.5 6.25 6.25 
P-a-04 3.125 3.125 3.125 6.25 6.25 3.125 
P-a-05 25 50 50 50 50 50 
P-a-06 6.25 12.5 12.5 25 12.5 6.25 
P-b-02 6.25 25 12.5 25 12.5 12.5 
P-a-02-X 3.125 3.125 3.125 6.25 3.125 3.125 
P-a-02-O 3.125 3.125 6.25 12.5 3.125 3.125 
P-a-02-B 3.125 3.125 3.125 6.25 3.125 3.125 
P-a-02-D 3.125 3.125 3.125 6.25 6.25 3.125 
P-a-02-D’ 3.125 3.125 3.125 6.25 6.25 3.125 
P-a-04-X 3.125 3.125 3.125 12.5 6.25 3.125 
P-a-04-O 3.125 3.125 3.125 25 6.25 3.125 
P-a-04-B 3.125 3.125 3.125 12.5 6.25 3.125 
P-a-04-A 3.125 3.125 3.125 12.5 6.25 3.125 
Polymyxin B 1.56 25 0.78 1.56 0.78 1.56 
analogues. The D-type isomers of P-a-02 (P-a-02-D and P-a-02-D’) 
showed unchanged antimicrobial activity compared with P-a-02, 
suggesting that the configuration had no significant effect on their 
antimicrobial activity. Of the above 9 unnatural amino acid-
containing peptide analogues, the homoarginine containing ones 
showed stronger antimicrobial activity than those without homo-
arginine, indicating that the strategy of homoarginine substitution 
was more effective in the improvement of antimicrobial activity. 

We calculated the GM of MICs against all (GMall), Gram-positive 
(GM+ ) and Gram-negative (GM-) bacteria of the peptides (Table 3). 
Interestingly, the GM+ values of sC184b and sC184b analogues were 
less than the GM- values of them. Notably, P-a-02-B had the lowest 
GMall, demonstrating P-a-02-B showed potent antimicrobial activ-
ity against both Gram-positive and Gram-negative bacteria. 

Hemolysis and cytotoxicity analysis 

A low toxicity towards mammalian cells is a prerequisite for 
AMPs used in clinical applications. Therefore, the hemolysis and 
cytotoxicity of sC184b and some of its analogues were evaluated 
using 5 % (v/v) hRBCs (Fig. 3). The HC50 values and SIs were calcu-
lated and utilized to indicate the hemolytic activity and antimicro-
bial selectivity of the peptides (Table 3). In comparison with sC184B 
(HC50 = 471.41 lM), P-a (HC50 > 1000 lM) showed decreased 
hemolytic activity, while P-b (HC50 = 136.69 lM) showed increased 
hemolytic activity. Even at the highest tested concentration 
(50 lM), the percentage of hemolysis of P-a was negligible 
(1.5 %). Besides, P-a showed superior antimicrobial selectivity (SI 
> 1000). Compared with P-a, P-a-04 and its analogues still main-
tained low hemolytic activity and high antimicrobial selectivity, 
while P-a-02 and its analogues showed increased hemolytic activ-
ity and decreased antimicrobial selectivity. 

The evaluation of peptide cytotoxicity was performed in the 
293 T cell line at concentrations from 0.78 to 50 lM. Compared 
with sC184B, P-a showed slightly lower cytotoxicity (the CC50 of 
P-a could not be obtained based on existing data), while P-b 
showed much higher cytotoxicity. The increased hemolytic activity 
and cytotoxicity of P-b could be attributed to its increased 
hydrophobicity [39,40]. Compared with P-a, the cytotoxicity of 
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P-a-02 obviously increased, while that of P-a-04 still maintained 
at a low level (CC50 = 192.76). Among P-a-02 and its analogues, 
P-a-02-B showed the lowest cytotoxicity (CC50 = 43.06). In con-
trast, all P-a-04 analogues showed significantly increased cytotox-
icity compared with P-a-04, thus being excluded from the 
following assessments. Compared with P-a-02, its D-type isomers 
(P-a-02-D and P-a-02-D’) showed increased hemolytic activity and 
cytotoxicity. Therefore, P-a-02-D and P-a-02-D’ were not chosen 
for the following assessments. 

Plasma and salt stability 

The poor stability hindered the clinical applications of AMPs 
in vivo, we therefore introduced unnatural amino acids to improve 
the plasma stability of the peptides. To test the plasma stability of 
P-a-02 and its peptide analogues (P-a-02-X, P-a-02-O, P-a-02-B), 
the peptides were first incubated with human plasma (25 %, v/v) 
for various durations (0 h, 3 h, 6 h, 9 h, 12 h, 24 h, 48 h) at 37 °C 
before being analyzed by HPLC (Fig. 4). The half-lives of the pep-
tides in plasma were calculated using SPSS software (Table S1), 
revealing the following stability order: P-a-02 < P-a-02-O < P-a-
02-X < P-a-02-B. The results demonstrated that the introduction 
of unnatural amino acids significantly enhanced the plasma stabil-
ity of P-a-02. After 48 h of incubation, 83.07 % of P-a-02-B 
remained intact, demonstrating that P-a-02-B was highly-
resistant to the plasma digestion. In contrast, the percentages of 
residual P-a-02, P-a-02-O and P-a-02-X were less than 20 % 
(Fig. 4C). To further evaluate the stability of P-a-02-B, we per-
formed a long-term plasma stability assay. As shown in Fig. 4D, 
53.19 % of P-a-02-B remained intact after being treated with 
plasma for 14 days, which further confirmed its high resistance 
to the plasma digestion. Additionally, we evaluated the plasma sta-
bility of P-a and P-a-04 within 24 h. Compared with P-a-02-B 
(t1/2 = 234.57h), P-a (t1/2 = 15.28 h) and P-a-04 (t1/2 = 17.42 h) 
showed much lower plasma stability (Fig. S3), indicating that they 
could be more readily degradable in vivo. 

Besides, the stability of the peptides was assessed by pretreat-
ing the peptides with plasma for different durations (6 h and 
12 h) at 37 °C before determining their MICs against S. aureus
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Table 3 
HC50, GM, and SI values of some sC184b analogues. 

Compounds HC50 

(lM) 
CC50 GMall 

(lM) 
SIall Gram-positive bacteria Gram-negative bacteria 

GM+ (lM) SI+ GM- (lM) SI-

sC184B 471.41 351.6 12.5 37.71 8.84 53.33 12.50 37.71 
P-a >1000 N/A 7.02 >1000 6.25 >1000 14.87 >1000 
P-b 136.69 28.20 7.02 19.48 6.25 21.87 7.43 18.39 
P-a-02 156.00 36.72 3.94 39.62 3.13 49.92 7.43 20.99 
P-a-04 >1000 192.76 3.94 >1000 3.13 >1000 4.42 >1000 
P-a-02-X 106.72 30.97 3.51 30.42 3.13 34.15 4.42 24.15 
P-a-02-O 184.17 20.53 4.42 41.67 3.13 58.93 3.72 49.56 
P-a-02-B 183.59 43.06 3.51 52.34 3.13 58.75 5.26 34.93 
P-a-02-D 79.21 3.75 3.94 20.12 3.13 25.35 3.72 21.31 
P-a-02-D’ 119.75 3.41 3.94 30.41 3.13 38.32 4.42 27.10 
P-a-04-X 451.73 12.41 4.42 102.21 3.13 144.55 4.42 102.21 
P-a-04-O >1000 17.77 4.96 495.70 3.13 786.88 5.26 467.88 
P-a-04-B >1000 7.24 4.42 >1000 3.13 >1000 6.25 >1000 
P-a-04-A >1000 5.04 4.42 818.06 3.13 >1000 5.26 687.90 

Fig. 3. Toxicity towards mammalian cells of sC184b and its analogues. (A) Hemolytic activity of sC184b and its analogues on hRBCs; (B) Cytotoxicity of sC184b and its 
analogues against 293 T cells. The data are shown as mean ± standard deviation (SD) (n = 5). 
and E. coli ATCC 25922. When the MIC of a peptide increased after 
the plasma pretreatment, the peptide was thought to undergo 
degradation. As shown in Fig. 4E and F, the four peptides all 
showed obvious bacterial inhibition effects before the plasma pre-
treatment. However, following the pretreatment with plasma, only 
P-a-02-B remained unchanged antimicrobial activity, while P-a-
02, P-a-02-X and P-a-02-O all lost their antimicrobial activity in 
varying degrees. After 12 h of incubation, the MICs of P-a-02, P-
a-02-O and P-a-02-X against both S. aureus and E. coli ATCC 
25922 increased 16-fold, 4-fold and 2-fold, respectively. The 
results revealed the same stability order with that of the above 
HPLC assays (P-a-02 < P-a-02-O < P-a-02-X < P-a-02-B), which 
further demonstrated that the unnatural amino acid substitution 
strategy enhanced the stability of AMPs. Notably, after 12 h of 
incubation, the MICs of homoarginine containing peptides P-a-
02-X (6.25 lM) and P-a-02-B (3.13 lM) against both S. aureus 
and E. coli ATCC 25922 remained at a low level, while that of P-
a-02-O (25 lM) without homoarginine increased significantly. It 
indicated that the homoarginine containing peptides are more 
likely to maintain their antimicrobial activity in the presence of 
plasma than those without homoarginine. Thus, the strategy of 
homoarginine substitution in P-a-02 was more effective in the 
improvement of plasma stability. 
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To assess the salt sensitivity of P-a-02-B, the MICs of P-a-02-B 
against S. aureus and E. coli ATCC 25922 in the existence of various 
salts were evaluated. As shown in Table S2, P-a-02-B showed neg-
ligible changes in MIC values except for a four-fold increase against 
S. aureus in the NaCl solution. Compared with sC184B and Poly-
myxin B, P-a-02-B showed stronger resistance to the interference 
caused by various salts. In summary, the combination strategy of 
regulating hydrophobic properties and introducing unnatural 
amino acids could simultaneously enhance the antimicrobial activ-
ity, bacterial selectivity, plasma stability, and salt stability of AMPs. 
Given the good and balanced performance of P-a-02-B in antimi-
crobial activity, hemolysis, cytotoxicity and stability assays, it 
was chosen for further evaluation in the following experiments. 

Time-killing kinetics analysis 

To evaluate the bacterial killing efficiency of sC184B and P-a-02-
B, a time-killing kinetic assay was carried out. Polymyxin B served 
as a positive control. sC184B, P-a-02-B, and Polymyxin B showed 
time-dependent bactericidal activity against both S. aureus and 
E. coli ATCC 25922 at the concentration of 2 MIC (Fig. 5A and 
B). The bacterial killing efficiency order against S. aureus was as 
follows: Polymyxin B < sC184B < P-a-02-B. Notably, P-a-02-B
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Fig. 4. Plasma stability of P-a-02 and its analogues. (A) Relationship between the peptide concentration of P-a-02, P-a-02-X, P-a-02-O and P-a-02-B and the corresponding 
peak area at 210 nm in HPLC; (B) Degradation chromatogram of P-a-02, P-a-02-X, P-a-02-O and P-a-02-B in plasma determined by HPLC; (C) Residual compounds of P-a-02, 
P-a-02-X, P-a-02-O and P-a-02-B after being treated with plasma for 0, 3, 6, 9, 12, 24 and 48 h; (D) Residual compounds of P-a-02-B after being treated with plasma for 
0 14 day; MIC values of P-a-02, P-a-02-X, P-a-02-O and P-a-02-B against S. aureus (E) and E. coli ATCC 25922 (F) after being treated with plasma for 0, 6 and 12 h. The data 
are shown as mean ± SD (n = 3). 

Fig. 5. Time-killing kinetics and synergistic antimicrobial effects analysis. Time-killing curves of sC184B, P-a-02-B and polymyxin B at the concentration of 2 MIC against S. 
aureus (A) and E. coli ATCC 25922 (B). The data are shown as mean ± SD (n = 3); (C) MICs of antibiotics against S. aureus and E. coli ATCC 25922 and FICI of P-a-02-B combined 
with antibiotics; (D) Synergistic effects of P-a-02-B combined with levofloxacin or meropenem trihydrate against S. aureus and E. coli ATCC 25922 using checkerboard 
method. ‘‘+” represents the growth of bacteria was inhibited.

10
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completely killed S. aureus within 6 h. As for E. coli ATCC 25922, 
sC184B, P-a-02-B, and Polymyxin B showed similar bacterial killing 
efficiency.

Synergistic Effects of P-a-02-B with Conventional Antibiotics 

According to previous reports, AMPs combined with conven-
tional antibiotics could outperform separate drugs in terms of 
antimicrobial effects [41–43]. For instance, quinolones kill bacteria 
mainly through inhibiting the synthesis of DNA and RNA. When 
the quinolone antibiotic is combined with AMPs, the membrane 
disruption effects of AMPs make it get easier access to the cyto-
plasm, thus improving its antimicrobial effects [44]. Besides, it 
was confirmed that AMPs and b-lactams could act synergistically, 
which may be correlated with their combined effects on bacterial 
cell envelopes [45–47]. We therefore evaluated the synergistic 
effects of P-a-02-B with levofloxacin (quinolones) or meropenem 
Fig. 6. The mechanism of action on bacterial membranes of P-a-02-B. (A) Effects of P-a-0
ATCC 25922 cells. The data are shown as mean ± SD (n = 3); (B) CLSM images of S. aureus 
at concentrations of 1 MIC, 2 MIC and 4 MIC. The scale bar represents 70 lm; (C) TE
treated with sC184b and P-a-02-B at the concentration of 2 MIC for 2 h. The scale bar
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trihydrate (b-lactams) against S. aureus and E. coli ATCC 25922 
through the checkerboard method (Fig. 5D). 

As shown in Fig. 5C, P-a-02-B demonstrated partial synergistic 
activity against S. aureus and E. coli ATCC 25922 when combined 
with levofloxacin, with FICI values of 0.5039 and 0.5078, respec-
tively. It was presumably due to their mutually complementary 
antibacterial mechanisms. FICI = 1 was determined for the combi-
nation of P-a-02-B and meropenem trihydrate, demonstrating no 
synergistic effect between them. 

Anti-biofilm effects of P-a-02-B 

Bacterial cells in biofilms are difficult to eradicate by using con-
ventional antibiotics, thus making the treatment of biofilm-caused 
bacterial infections extremely challenging. Recently, AMPs were 
reported to not only inhibit the biofilm formation but also eradi-
cate the established biofilms [48,49]. Therefore, we investigated
2-B on the permeabilization of the outer (left) and inner (right) membrane of E. coli 
(left) and E. coli ATCC 25922 (right) bacterial cells treated with sC184b and P-a-02-B 
M images of S. aureus (left) and E. coli ATCC 25922 (right) cells before and after being 
 represents 200 nm. 
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the ability of P-a-02-B to inhibit biofilm formation and to disrupt 
established biofilms. As shown in Fig. S4A, P-a-02-B could inhibit 
biofilm formation in a dose-dependent manner. At the concentra-
tion of 4 MIC, P-a-02-B inhibited the biofilms formed by S. aureus 
and E. coli ATCC 25922 by up to 42.85 % and 61.93 %, respectively. 
Besides, P-a-02-B could effectively disrupt the established biofilms 
(Fig. S4B). P-a-02-B killed more than 50 % of the live S. aureus and 
E. coli ATCC 25922 cells inside the biofilms at the lowest tested 
concentration (1/2 MIC). 

Mode of action studies 

To assess the antimicrobial mechanism of P-a-02-B, the outer 
and inner membrane permeabilization assays were performed. 
Firstly, NPN was used to test the ability of P-a-02-B to disrupt or 
perturb outer bacterial membranes. NPN, which functions as a 
hydrophobic fluorescent probe, exhibited weak fluorescence when 
in a hydrophilic environment and strong fluorescence when in a 
hydrophobic one. When the outer bacterial membrane was dis-
rupted, NPN could insert into the hydrophobic lipid membranes 
and exhibited increased fluorescence intensity [50]. As shown in 
Fig. 6A (left), the fluorescence intensity of NPN showed a rapid 
increase within 1 min in a dose-dependent manner. It suggested 
that P-a-02-B could increase the outer membrane permeability 
through membrane disruption in a short time. 

Subsequently, the inner membrane permeabilization of P-a-02-
B was assessed with ONPG as a fluorescence substrate. Once the 
inner bacterial membrane was disrupted, the ONPG was able to 
interact with the intracellular b-galactosidase, and subsequently, 
a change in fluorescence occurred [51]. As shown in Fig. 6A (right), 
P-a-02-B led to inner membrane permeabilization in a time- and 
dose-dependent manner, the process of which was relatively slow. 
At the concentration of 1 MIC, the inner membrane permeabi-
lization of bacterial cells treated with P-a-02-B was slightly stron-
ger than that of positive control (1 % Triton X-100), suggesting that 
P-a-02-B was highly-effective in disrupting the integrity of inner 
membranes. 

To verify the membrane disruption mechanism of the peptides, 
the S. aureus and E. coli ATCC 25922 bacterial cells were stained 
with DAPI and PI, treated with sC184b and P-a-02-B, and observed 
with CLSM. DAPI stains all bacterial cells blue, irrespective of the 
Fig. 7. Analysis on AAMD simulation of P-a-02-B and sC184b interacting with phospholip
the simulation; The secondary structure contents of sC184b (B) and P-a-02-B (C) dur
simulation; (E) The intramolecular hydrogen bonds of sC184b and P-a-02-B; (F) The hyd
The Rg calculated for sC184b and P-a-02-B; (H) The Rg calculated for the phospholipid m
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integrity of their membranes, while PI only stains those with dis-
rupted membranes red. As shown in Fig. 6B, the untreated S. aureus 
and E. coli ATCC 25922 bacterial cells showed strong blue fluores-
cence but almost no red fluorescence. In the experimental groups, 
the bacterial cells treated with sC184b showed strong blue fluores-
cence but weak red fluorescence, while those treated with P-a-02-
B showed strong red and blue fluorescence. The results indicated 
that both sC184b and P-a-02-B could disrupt the membranes of 
bacterial cells and P-a-02-B was more potent in membrane disrup-
tion than sC184b. 

To further verify the bacterial membrane disruption caused by 
the peptides, the morphologies of bacterial cells were directly 
observed with TEM before and after being treated with sC184b 

and P-a-02-B. As shown in Fig. 6C, the untreated S. aureus and 
E. coli ATCC 25922 bacterial cells, with spherical and rod-shaped 
morphologies respectively, presented intact and smooth cell sur-
faces. In contrast, obvious cell membrane damages and inner con-
tent leakages were observed in the experimental groups. The S. 
aureus and E. coli ATCC 25922 bacterial cells treated with sC184b 
and P-a-02-B were out of shape, and membrane ruptures could 
be observed. The results indicated that P-a-02-B could kill the bac-
terial through disrupting their membranes. 

AAMD simulation 

To obtain structural insights into the interaction between P-a-
02-B and the bacterial membrane, an AAMD simulation was con-
ducted. sC184b was used as a control. During the simulation, the 
conformations of P-a-02-B and sC184b changed and reached equi-
librium states as shown by the root-mean-squared distance 
(RMSD) (Fig. S5). During the simulation, the value of root-mean-
square fluctuation (RMSF) was calculated for each residue of P-a-
02-B and sC184b (Fig. 7A). In general, the residues of P-a-02-B 
had relatively low RMSF values except those C-terminal ones. It 
suggested that the structure of P-a-02-B was generally rigid, 
except for its C-terminus, which was relatively flexible. In compar-
ison, the structure of sC184b was much looser. The secondary struc-
ture analysis validated the above findings. 

As shown in Fig. 7B and C, the a-helix of sC184b disintegrated 
and converted to a random coil at the beginning of the simulation, 
while P-a-02-B maintained a rigid a-helical conformation
id membranes. (A) RMSF calculated for each residue of P-a-02-B and sC184b during 
ing the simulation; (D) The SASA calculated for sC184b and P-a-02-B during the 
rogen bonds of sC184b and P-a-02-B interacting with phospholipid membranes; (G) 
embranes interacting with sC184b and P-a-02-B. 
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throughout the whole simulation. It was critical to the bacterial 
membrane permeabilization. The random coil part in the sec-
ondary structure of P-a-02-B was possibly derived from its C-
terminus. Interestingly, the secondary structure of sC184b here 
was inconsistent with that measured by CD, possibly due to the 
discrepancy between the experimental and simulation environ-
ments. The results of solvent accessibility and hydrogen bond anal-
ysis were consistent with the above results. As shown in Fig. 7D, 
sC184b exhibited more solvent-accessible surface area (SASA) than 
P-a-02-B, which could be explained by its loose random coil struc-
ture. Compared with sC184b, P-a-02-B had more intramolecular 
hydrogen bonds but fewer hydrogen bonds interacting with the 
phospholipid membrane, which was attributed to its rigid a-
helix structure (Fig. 7E and F). The radius of gyration (Rg) can also 
indicate the tightness of a system. The smaller the Rg, the more 
compact the system is. During the simulation, P-a-02-B exhibited 
a smaller Rg than sC184b, indicating a more rigid structure. The 
Rg of the phospholipid membrane interacting with P-a-02-B fluc-
tuated around 32.5 Å, approximately three times that of sC184b, 
Fig. 8. In vivo toxicity of P-a-02-B (10 mg/kg) to mice for 10 days. (A) Weight changes of t
(B) Major organ indexes of the mice on day 10 after intravenous administration with a sin
the blood samples collected from the mice on day 10 after intravenous administration wit
Pathological sections of organs (heart, liver, spleen, lung, kidney) stained by H&E from the
represents 0.1 mm. 
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suggesting that P-a-02-B had a stronger membrane disturbance 
effect than sC184b (Fig. 7G and H). 

Acute toxicity 

To assess the acute toxicity of P-a-02-B in vivo, 6 Kunming mice 
in each group were intravenously injected with a single dose of P-
a-02-B (0, 2.5, 5, 10, 15, 20, and 25 mg/kg), and the survival rate of 
mice was monitored within 5 days. The mice treated with P-a-02-B 
at doses of 0, 2.5, 5, 10 and 15 mg/kg all survived and did not show 
abnormal behaviors during 5 days of observation (Fig. S6). In con-
trast, for the groups treated with P-a-02-B at doses of 20 and 
25 mg/kg, the survival rates were 33 % and 0 %, respectively. Given 
the above results, it was deduced that the maximal tolerated dose 
(MTD) is 15 mg/kg or more (but less than 20 mg/kg). Therefore, the 
therapeutic doses of P-a-02-B (5 and 10 mg/kg) were set lower 
than its MTD to guarantee safety in the following therapeutic 
experiments. To further explore the acute toxicity profile, the tox-
icity of P-a-02-B at a dose of 10 mg/kg was evaluated over an
he mice after intravenous administration with a single dose of P-a-02-B (10 mg/kg); 
gle dose of P-a-02-B (10 mg/kg); (C) Hepatic and (D) renal functional biomarkers in 
h a single dose of P-a-02-B (10 mg/kg); The data are shown as mean ± SD (n = 5); (F) 
 mice sacrificed 10 days after being injected with P-a-02-B (10 mg/kg). The scale bar 
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extended period of 10 days. After being injected with P-a-02-B
intravenously, all mice survived and did not show abnormal
behaviors during 10 days of observation. The mice in the treatment
group showed body weight change that was comparable to that of
the control group (Fig. 8A). On day 10 post injection, the main
organs and blood of mice were harvested. As shown in Fig. 8B,
no significant differences were observed in the organ indexes of
the main organs between the treatment group and the control
group. Serum concentrations of some liver and kidney function
biomarkers (Fig. 8C and D), including alanine aminotransferase
(ALT), aspartate aminotransferase (AST), lactate dehydrogenase
(LDH), creatinine (CREA) and blood urea nitrogen (BUN), as well
as some hematological parameters (Table S3), including counts of
WBC, red blood cell (RBC), hemoglobin (HGB), platelet (PLT), neu-
trophils (NEUT) and lymphocyte (LYMPH), were tested. The above
parameters were not significantly different between the two
groups, indicating that the P-a-02-B administration had no adverse
effect on the hepatic, renal functions and hematological parame-
ters of mice. Compared with the control group, no obvious
histopathological changes were observed in the treatment group
Fig. 9. In vivo efficacy of P-a-02-B alone or in combination with levofloxacin using an S. a
Survival cure (B) and average body weight (C) of mice treated with saline and different an
(D) Blood bacterial count of mice treated with saline and P-a-02-B (10 mg/kg) in combina
sections of mouse organs (heart, liver, spleen, lung, kidney) stained by H&E. The scale b
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(Fig. 8E). Taken together, these results suggested that intravenous 
administration of P-a-02-B at a therapeutic dose of 10 mg/kg 
was safe in mice. 

In vivo antimicrobial activity 

P-a-02-B was proven to have potent antimicrobial activity 
in vitro, whether used alone or in combination with levofloxacin, 
and then its antimicrobial efficacy in vivo was also investigated 
by an S. aureus-infected mouse model. The mice were divided into 
a control group (uninfected), a saline group, and five administra-
tion groups including low P-a-02-B group (5 mg/kg); high P-a-
02-B group (10 mg/kg); levofloxacin group (2.5 mg/kg); 
levofloxacin + low P-a-02-B group (2.5 mg/kg + 5 mg/kg); 
levofloxacin + high P-a-02-B group (2.5 mg/kg + 10 mg/kg). The 
mice were administrated with fixed dosage twice a day (Fig. 9A). 
The mice of the control group kept alive for 3 days, while the bac-
terial infected mice started to die on day 1, with three-day survival 
rate of 25 % 87.5 % (Fig. 9B). Five administration groups demon-
strated obvious therapeutic effects, as their survival rates were
ureus-infected mouse model. (A) Experimental workflow of the therapeutic process; 
timicrobial agents. The mice in the control group were not inoculated with bacteria; 
tion with levofloxacin (2.5 mg/kg). ***P < 0.001, ns: no significance; (E) Pathological 
ar represents 0.1 mm. 
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observed to be higher than that of the saline group. P-a-02-B 
showed stronger therapeutic effects at high dose (10 mg/kg) than 
at low dose (5 mg/kg), whether administered alone or in combina-
tion with levofloxacin, which agreed with the above results. Nota-
bly, the mice treated with P-a-02-B in combination with 
levofloxacin showed higher survival rates than those treated with 
each drug alone at the same doses, indicating the synergistic effect 
in vivo. Taken together, P-a-02-B (10 mg/kg) in combination with 
levofloxacin (2.5 mg/kg) demonstrated the strongest therapeutic 
effect in vivo. 

The body weights of mice were kept track of throughout the 
entire experiment. The average body weight of the mice in the con-
trol group barely changed (Fig. 9C). In contrast, a slightly body 
weight loss was observed for all the S. aureus-infected mice. The 
bacterial count in the blood of mice treated with saline and P-a-
02-B (10 mg/kg) in combination with levofloxacin (2.5 mg/kg) 
was shown in Fig. 9D. Compared with the saline group, the admin-
istration group showed a greater reduction in the bacterial load in 
blood. As shown in Fig. 9E, H&E staining was performed to examine 
the histopathological changes in several organs of mice. In the sal-
ine group, obvious histopathological changes were observed in the 
liver and lung tissues, including inflammatory cell infiltration and 
alveolar hemorrhage. There were no obvious histopathological 
changes in the heart, spleen, and kidney tissues. Notably, the treat-
ment of P-a-02-B (10 mg/kg) in combination with levofloxacin 
(2.5 mg/kg) significantly alleviated inflammation and hemorrhage 
reactions, when compared to the saline group. Taken together, P-a-
02-B, whether used alone or in combination with levofloxacin, 
could effectively suppress bacterial infection in vivo. 

The PK study in vivo 

For most AMPs, the antimicrobial activity can be greatly influ-
enced by their absorption, distribution, metabolism, and excretion 
in the body. Therefore, the PK properties of P-a-02-B were further 
studied. As shown in Fig. S7A, the P-a-02-B administered intra-
venously at a dose of 5 mg/kg was initially detected at a plasma 
concentration of 24723.09n g/mL 2 min post-administration and 
declined to its lowest level 4 h post-administration. The half-life 
calculated for P-a-02-B was 0.66 h (Fig. S7B), exceeding that 
(0.39 h) of the commercially available antimicrobial peptide drug 
polymyxin E [52]. It indicated that P-a-02-B showed great poten-
tial in the development of antimicrobial therapeutics. 
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