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ARTICLE INFO ABSTRACT

The risk of resistance to traditional antibiotics has led to a shift in attention to novel antimicrobial func-
tional biomaterials. Antimicrobial peptides (AMPs) have been recognized since the date of birth as a
powerful candidate for antibiotic replacement materials. However, immature salt and protease stability, as
well as systemic toxicity, hinder the translation of AMPs from the bench to the bedside. Herein, the original
motif (KP)3(HYXP),(KP)3-NH, (X = Trp or Phe, Y = lle or Leu, n = 2, 3, 4, 5, or 6) was designed based on the
principles of manipulating hydrophobic motifs, optimizing sequence patterns, as well as circumventing
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HLFP-5 and HLWP-4 obtained using a comprehensive and integrated screening process exhibited excellent
antibacterial ability, salts stability, and protease stability. Membrane cleavage and cell cycle interference-
dominated mechanisms of action make target peptides less susceptible to drug resistance than antibiotics.
Additionally, advanced target peptides HLFP-5 and HLWP-4 were able to exert direct antimicrobial efficacy
in vivo to treat piglets with a systemic bacterial infection. Collectively, these findings may provide novel
insights for future design principles, and help drive the application of antibacterial biomaterials in animal
husbandry for replacing antibiotics.
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Introduction

Due to the frequent occurrence of intractable infections caused
by antibiotic resistance worldwide, there is an urgent need to de-
velop novel alternative medicines or immunomodulatory strategies
[1-6]. Furthermore, in recent years, Chinese government has com-
pletely prohibited the addition of growth promoting antibiotics to
feed, which has led to a great increase in the demand for alternatives
to antibiotics in animal husbandry. As a biomaterial, antimicrobial
peptides (AMPs), which are characterized by broad-spectrum
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antibacterial activity, excellent biocompatibility, and not easy to
generate drug resistance, have been regarded as one of the ideal
alternatives to antibiotics since their birth. Moreover, most the AMPs
induce bacterial death by disturbing the structure of the bacterial
membrane, which is different from antibiotics acting on specific
targets. Therefore, AMPs are more promising to deal with multidrug-
resistant bacteria.

Although AMPs show great advantages in combating drug-re-
sistant bacteria, at present, the AMPs entering the clinical stage are
very limited, one of the important reasons is that their protease
hydrolysis stability and salt stability are not mature [7-10]. To solve
this problem, a large number of researchers have devoted their ef-
forts to the development of peptidomimetic [11], peptide-based
nanomaterials [12,13], peptide polymers [14], lipopeptide [15], and
chemical modification strategies [16], however, genetic engineering
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systems cannot produce the above-mentioned modified peptides
due to the incorporation of non-natural substances, limiting the
possibility of inexpensive production of applicable AMPs. Combi-
natorial arrays of cationic and hydrophobic groups composed of
natural amino acids offer endless possibilities and are ideal for ad-
dressing proteolytic and salt stability of AMPs. Therefore, we intend
a logic-based strategy to design economically feasible, easily syn-
thesized, and simultaneously protease and salt stable AMP tem-
plates.

The gradual clarification of the structure-function relationships
of AMPs provides support for the exploration of peptide-based
biomaterials with high proteolytic stability and salt stability. We
have long been committed to studying the stability and structure-
active relationships of peptide-based biomaterials [17,18]. Based on
previous studies, we found that the rearrangement of amino acids is
difficult to simultaneously overcome the weak proteolytic stability
and salt stability, and may disrupt the parameter balance of AMPs,
causing AMPs to lose broad-spectrum antimicrobial activity or in-
crease their cytotoxicity [19]. Herein, to overcome these difficulties,
we tried to simplify sequence templates, circumvent cleavage sites,
and manipulate the hydrophilic/hydrophobic balance to design a
series of peptides with high salt stability and protease hydrolysis
stability, mainly including the following design principles: i) Aro-
matic amino acids were chosen as the hydrophobic core of the
peptide chain (X = Trp or Phe), which enabled the peptide to insert
deeply and firmly into the bacterial membrane, which was beneficial
to induce membrane perturbation [20]. Additionally, the bulky aro-
matic ring has a high membrane interface affinity, which can reduce
the salt sensitivity of AMPs [21]. ii) Proline (Pro) is located at the C-
terminus of the aromatic amino acids, preventing chymotrypsin
from cleaving the C-terminus of the aromatic amino acids and pre-
venting pepsin from cleaving the N-terminus of the aromatic amino
acids. [19]. iii) Place an aliphatic hydrophobic amino acid (Y=Ile or
Leu) at the N-terminus of the aromatic amino acid to further in-
crease the hydrophobicity and the depth of the polar face of the
peptide chain [22]. When aliphatic amino acid is Leu, Pro at the N-
terminal of His and Pro at the C-terminal of aromatic amino acid
limit the cleavage of Leu by pepsin. iv) Histidine (His) is placed at the
N-terminus of the aliphatic hydrophobic amino acid (Ile or Leu) to
prevent pepsin cleaving the C-terminus of the aromatic amino acid
(Trp or Phe)[23]. v) Lysines (Lys) are located at both ends of the
sequence as cationic amino acids, providing a positive charge to the
sequence to provide the necessary driving force for the interaction of
peptides with bacteria. At the same time, a Pro was placed at the C-
terminus of each Lys to prevent cleavage by trypsin. vi) The C-ter-
minus of the peptide was aminated to further enhance antibacterial
activity and improve stability. Based on the above design principles,
and repeated for the hydrophobic region, we generated an en-
gineered peptide library (KP)3(HYXP),(KP)3-NH; (X = Trp or Phe,
Y=Ile or Leu, n = 2, 3, 4, 5, or 6) (Fig. 1a, b), and deduced 20 AMPs
(Table 1). In this study, our purpose was to develop an AMP com-
posed of natural amino acids with high proteolysis and salt stability
and study its antibacterial activity, stability, and bactericidal me-
chanism, and evaluate its application value by using a piglet infec-
tion model (Fig. 1c-e).

Results and discussion
Design and structural characterization of peptides

Sufficient positive charge and hydrophobicity are necessary
conditions for most AMPs to exert antibacterial activity. In this study,
Lys was chosen as the positively charged amino acid, and the
number was used as six, because studies have shown that the ac-
tivity of AMPs with more than six positive charges will no longer
increase and there is a risk of loss of biocompatibility [24].
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Furthermore, a combination of aromatic and aliphatic amino acids
was adopted in the selection of hydrophobic amino acids, because
although the protease stability of aromatic amino acids is not as
good as that of aliphatic amino acids, their membrane disruption
ability is stronger, to ensure that the peptides have strong broad-
spectrum antibacterial activity. All peptides were prepared using
standard solid-phase synthesis, purified by reversed-phase high-
performance liquid chromatography (RP-HPLC), and the molecular
weight of the peptides was determined by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS). The purity of all peptides was above 95 %, and the theo-
retical relative molecular mass was close to the measured relative
molecular mass, indicating that the peptides were successfully
synthesized (Fig. S1 and S2).

The secondary structure of the peptide was determined by cir-
cular dichroism (CD). PBS was used to simulate an aqueous en-
vironment, sodium dodecyl sulfate (SDS) was used to simulate a
negatively charged membrane environment, and trifluoroethanol
(TFE) was used to simulate a hydrophobic environment. As shown in
Fig. 1f, all peptides had a negative peak at wavelength 200-205 nm
in PBS, indicating that the peptides exhibited random coil con-
formation. In SDS, the negative peaks of the peptides shifted to
higher wavelengths, but their secondary structures did not change
significantly. In TFE, the peptides had a negative peak at
200-205nm, and most of the peptides had a positive peak at
220-225nm, especially the positive peak of Trp-rich peptides is
more obvious, indicating that the peptides formed a polyproline II
helix conformation. Since all peptides contain a large amount of
proline, the pyrrole ring of the Pro side chain causes the peptide to
form a rigid structure, making the peptide unable to convert into a-
helix or p-sheet in the hydrophobic and membrane environment.

In vitro antibacterial activity, toxicity, and stability of peptides

Representative standard Gram-negative and positive strains such
as Escherichia coli (E. coli), and Staphylococcus aureus (S. aureus) were
selected to evaluate the antibacterial activity of the peptides. To
more intuitively evaluate the antibacterial ability of the peptides, the
minimum inhibitory concentration (MIC) of the peptides was cal-
culated as the geometric means (GMs). As shown in Table 2, among
all the engineered peptides, with the increase in the number of re-
petitions of the hydrophobic unit of the engineered peptide, the
antibacterial activity showed a trend of first increasing and then
decreasing, indicating that a certain number of hydrophobic amino
acid residues are required for the activity of the peptides. However,
there is a threshold for the hydrophobicity of peptides beyond which
the activity of the peptide no longer increases or even decreases.
Therefore, the relationship between hydrophobicity and activity is
not linear, proper hydrophobicity is the key to maintaining anti-
bacterial ability, and too high hydrophobicity can hinder the inter-
action of peptides with bacterial membranes [25]. This phenomenon
can be explained by the fact that high hydrophobicity causes peptide
self-association, which prevents peptides from passing through the
cell wall of prokaryotic cells, therefore, peptides exceeding optimal
hydrophobicity tend to exhibit reduced antibacterial activity [26].

An important indicator of clinical translation of AMPs is cyto-
toxicity. Therefore, the cytotoxicity of the peptides against intestinal
porcine epithelial cells (IPEC-1) was evaluated. As shown in Fig. 2b,
among all engineered peptides, peptides with less than four hy-
drophobic unit repeats did not show significant cytotoxicity at
128 M. Additionally, it can be seen from the results that the cyto-
toxicity of the peptide is affected by its hydrophobicity, and the
hydrophobicity exceeding the threshold will cause severe damage to
eukaryotic cells. Specifically, among the hydrophobic amino acids
constituting the engineered peptide, Trp is more hydrophobic than
Phe, and Ile is more hydrophobic than Leu [27]. Therefore, the
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Fig. 1. a) Amino acid composition of highly stability AMPs. b) Skeleton structure of target peptides HLFP-5 and HLWP-4. ¢) Schematic diagram of the mechanism of action of the
target peptides. Adapted with permission from Ref [ 10]. Copyright 2022, Wiley-VCH. d, e) Schematic diagram of the in vivo d) toxicity and e) activity assay flow of target peptides.
f) CD spectra of all peptides.

peptide composed of the hydrophobic unit of HIWP exhibits the
strongest cytotoxicity, the peptides with more than five repeating
units of the hydrophobic unit killed almost all cells at a

concentration of 64 pM. Fortunately, among all engineered peptides,
the peptides HLFP-4, HLFP-5, HIFP-4, HIFP-5, HLWP-4, and HIWP-4
exhibited excellent broad-spectrum antibacterial activity while
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Table 1
Physicochemical parameters of the high stability peptides.
Peptides Sequence Theoretical MW Measured MW* Hydrophobicity” Amino acids
HLFP-2 KPKPKPHLFPHLFPKPKPKP-NH, 2357.93 2357.92 0.353 20
HLFP-3 KPKPKPHLFPHLFPHLFPKPKPKP-NH, 2852.51 2852.51 0.475 24
HLFP-4 KPKPKPHLFPHLFPHLFPHLFPKPKPKP-NH, 3347.10 3347.09 0.562 28
HLFP-5 KPKPKPHLFPHLFPHLFPHLFPHLFPKPKPKP-NH, 3841.69 3841.68 0.627 32
HLFP-6 KPKPKPHLFPHLFPHLFPHLFPHLFPHLFPKPKPKP-NH, 4336.27 4336.27 0.678 36
HIFP-2 KPKPKPHIFPHIFPKPKPKP-NH, 2357.93 2357.92 0.363 20
HIFP-3 KPKPKPHIFPHIFPHIFPKPKPKP-NH, 2852.51 2852.51 0.488 24
HIFP-4 KPKPKPHIFPHIFPHIFPHIFPKPKPKP-NH; 334710 3347.09 0.576 28
HIFP-5 KPKPKPHIFPHIFPHIFPHIFPHIFPKPKPKP-NH, 3841.69 3841.68 0.643 32
HIFP-6 KPKPKPHIFPHIFPHIFPHIFPHIFPHIFPKPKPKP-NH, 4336.27 4336.27 0.695 36
HLWP-2 KPKPKPHLWPHLWPKPKPKP-NH, 2436.00 2435.99 0.399 20
HLWP-3 KPKPKPHLWPHLWPHLWPKPKPKP-NH, 2969.62 2969.62 0.533 24
HLWP-4 KPKPKPHLWPHLWPHLWPHLWPKPKPKP-NH, 3503.24 3503.24 0.628 28
HLWP-5 KPKPKPHLWPHLWPHLWPHLWPHLWPKPKPKP-NH, 4036.87 4036.86 0.699 32
HLWP-6 KPKPKPHLWPHLWPHLWPHLWPHLWPHLWPKPKPKP-NH, 4570.49 4570.48 0.755 36
HIWP-2 KPKPKPHIWPHIWPKPKPKP-NH, 2436.00 2435.99 0.409 20
HIWP-3 KPKPKPHIWPHIWPHIWPKPKPKP-NH, 2969.62 2969.62 0.545 24
HIWP-4 KPKPKPHIWPHIWPHIWPHIWPKPKPKP-NH, 3503.24 3503.24 0.642 28
HIWP-5 KPKPKPHIWPHIWPHIWPHIWPHIWPKPKPKP-NH, 4036.87 4036.86 0.715 32
HIWP-6 KPKPKPHIWPHIWPHIWPHIWPHIWPHIWPKPKPKP-NH, 4570.49 4570.48 0.772 36

? Measured molecular weight was identified by MALDI-TOF MS.

b Hydrophobicity (H) values means the total hydrophobicity (sum of all residue hydrophobicity indices) divided by the number of residues, and they were calculated from

https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py.

maintaining low cytotoxicity. A theory that can explain this phe-
nomenon is that there are differences in the membrane structure of
prokaryotic cells and eukaryotic cells, for prokaryotic cells, most of
the anionic components in the membrane face the membrane sur-
face, which is conducive to electrostatic interaction with peptides,
on the contrary, for eukaryotic cells, most of the anionic components
in the membrane are oriented towards the interior [28]. Therefore,
the above engineered peptides can selectively inhibit bacterial
growth without destroying eukaryotic cells.

Stability is a key parameter that determines the therapeutic ef-
ficacy of AMPs in vivo. According to previous reports, the presence of
cations affects the antimicrobial activity of AMPs [29]. Salts in the
physiological environment will weaken the binding ability between
the peptide and the membrane, leading to reduced efficacy of pep-
tides. Furthermore, the salts can also bind to the negatively charged
components to enhance the rigidity of the bacterial membranes
[30,31]. As shown in Fig. 2a, Na* and Mg?* had the greatest impact on

the antibacterial activity of engineered peptides, and the peptides
HLFP-4 and HIFP-4 completely lost their activity in the presence of
Na*. In a physiological environment, other salt concentrations are
lower, thus having little or no effect on the antibacterial ability of the
peptides [32]. Furthermore, the results show that the salt stability
order of the peptides is HIWP-4 > HIFP-4, HLWP-4 > HLFP-4, which
indicates that although the aromatic rings of Phe and Trp are ben-
eficial to improving the salt stability, Trp is more potent than Phe.
This suggests that, on the one hand, an increase in the overall hy-
drophobicity of AMPs can reduce their salt sensitivity, on the other
hand, the indole ring present on the Trp residue can penetrate
deeper into the bacterial membrane and increase the membrane-
bound area to improve the salt stability of the peptides [33].
Another factor to consider in AMPs design is proteases proteo-
lytic stability [34]. Human or animal endogenous proteases in-
cluding pepsin, trypsin, and chymotrypsin are major threats to
AMPs. It is well known that most AMPs require positive charge and

Table 2
Minimum inhibitory concentration (MIC) of the peptides.
Peptides MIC (pM) GM?
E. coli E. coli E. coli S. typhimurim P. aeruginosa C. rodentium S. aureus S. aureus S. aureus S. epidermidis
ATCC25922 K88 K99 SL1344 ATCC27853 DBS100 ATCC6538 CVCC1882 43300 ATCC49134
HLFP-2 >64 32 > 64 > 64 > 64 > 64 32 > 64 > 64 >64 97.01
HLFP-3 32 16 64 > 64 > 64 4 8 32 64 8 27.86
HLFP-4 4 4 2 32 16 2 2 8 16 2 5.28
HLFP-5 2 2 2 4 8 2 2 2 8 2 2.83
HLFP-6 4 2 2 > 64 > 64 2 1 2 4 2 492
HIFP-2 > 64 16 64 > 64 > 64 64 64 > 64 >64 > 64 84.45
HIFP-3 16 8 16 32 > 64 4 2 32 64 8 16.00
HIFP-4 4 2 2 16 16 2 2 8 16 4 492
HIFP-5 2 2 2 8 8 1 2 2 8 4 3.03
HIFP-6 2 2 2 8 8 2 2 4 8 2 3.25
HLWP-2 > 64 32 > 64 > 64 > 64 32 8 32 64 32 51.98
HLWP-3 16 16 32 32 > 64 4 2 8 16 4 13.00
HLWP-4 4 2 2 8 16 1 2 4 8 2 3.48
HLWP-5 2 2 2 4 8 1 2 2 4 1 2.30
HLWP-6 4 2 2 >64 >64 1 1 1 2 2 4.00
HIWP-2 32 16 64 64 > 64 64 16 64 64 32 45.25
HIWP-3 16 4 8 32 64 4 2 16 32 8 11.31
HIWP-4 2 2 2 4 8 1 2 4 8 2 2.83
HIWP-5 2 2 1 4 4 1 2 2 2 2 2.00
HIWP-6 8 2 2 > 64 > 64 2 2 1 4 2 5.28

% GM was calculated as the geometric mean of antimicrobial peptides MICs. When no detectable antibacterial activity was observed at 64 pM, a value of 128 uM was used to

calculate the GM.
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Fig. 2. a) MIC values of peptides HLFP-4, HLFP-5, HIFP-4, HIFP-5, HLWP-4, or HIWP-4 in the presence of physiological salts or proteases (8 mg/mL pepsin, 8 mg/mL trypsin, or
2 mg/mL chymotrypsin). b) Cytotoxicity of the peptides against IPEC-1 cells. c-e) RP-HPLC images of peptide HLFP-5 incubated with c) 8 mg/mL pepsin, d) 8 mg/mL trypsin, or e)
2 mg/mL chymotrypsin for 0 or 8 h. f-h) RP-HPLC images of peptide HLWP-4 incubated with f) 8 mg/mL pepsin, g) 8 mg/mL trypsin, or h) 2 mg/mL chymotrypsin for 0 or 8 h.
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hydrophobicity to exert their antimicrobial activity. However, the C-
terminus of positively charged amino acids (Lys and Arg) are re-
cognized and cleaved by trypsin. For hydrophobic amino acids, the
C-terminus of aromatic hydrophobic amino acids (Trp, Phe, and Tyr)
are specifically recognized and cleaved by chymotrypsin, while
aromatic amino acids and other hydrophobic amino acid (such as
Leu) are also recognized and cleaved by pepsin [23]. To system-
atically and comprehensively avoid the hydrolysis of AMPs by the
above three proteases, the cleavage sites of pepsin, trypsin, and
chymotrypsin were comprehensively considered in the design. Pro
contains a pyrrole ring with a complex steric structure that prevents
cleavage by proteases, soplacing Pro at the C-terminus of amino
acids sensitive to trypsin and chymotrypsin can effectively prevent
cleavage. [19]. As shown in Fig. 2a, since the positively charged
amino acids (Lys) in the peptide chain were protected by Pro, the
antibacterial activity of all engineered peptides did not change after
incubation with 8 mg/mL trypsin. Similarly, the aromatic hydro-
phobic amino acids (Phe or Trp) were also protected by Pro, so the
antibacterial ability of the peptides HLFP-4, HLFP-5, and HLWP-4
were not affected by 2 mg/mL chymotrypsin. In contrast, peptides
HIFP-4, HIFP-5, and HIWP-4 were completely inactive after incuba-
tion with 2 mg/mL chymotrypsin, because His residues were slightly
affected by chymotrypsin, and HI is more sensitive to chymotrypsin
than HL [23]. Pepsin mainly recognizes hydrophobic amino acids. In
the hydrophobic unit, the C-terminus of aromatic amino acids (Phe
or Trp) is protected by His and the N-terminus is protected by Pro,
and the Leu is protected by Pro, Ile and Lys themselves will not be
cleaved by pepsin, therefore, the bioactivity of the engineered pep-
tide does not change after incubation with 8 mg/mL pepsin. There-
fore, among the above six peptides, peptides HLFP-5 and HLWP-4
exhibited strong salt and protease stability. Although the anti-
bacterial activity of the target peptides HLFP-5 and HLWP-4 did not
change after co-incubation with proteases, the activity test method
does not precisely determine the proportion of the peptides HLFP-5
and HLWP-4 that are cleaved. Therefore, RP-HPLC was used to fur-
ther determine the proteolytic stability of the peptides. As shown in
Fig. 2c-h, peptides HLFP-5 and HLWP-4 did not change in peak area
and shape after treatment with 8 mg/mL trypsin or 2 mg/mL chy-
motrypsin compared to the control. Similarly, the peak area and
peak shape of the peptide HLFP-5 did not change significantly after
8 mg/mL pepsin treatment. In contrast, after the peptide HLWP-4
was treated with pepsin, an extra peak appeared, indicating that the
peptide HLWP-4 would be slightly cleaved, and the cleavage rate was
calculated to be less than 10 % (Fig. 2f). Therefore, the antibacterial
activity of the peptide HLWP-4 was not significantly affected by
pepsin. (Fig. 2a). In conclusion, the above results indicate that the
target peptides have strong proteases stability and can retain their
original antibacterial activity at close to the protease concentration
in the gastrointestinal tract, and their tolerance to proteases is far
stronger than the previously reported natural antibacterial peptide
(melittin) [22].

The predominant mechanism of action of peptides

According to the original design intention of cationic and hy-
drophobicity, we hypothesized that the main action mechanism of
engineered peptides is the interaction with bacterial membranes. To
make the action mechanism of the peptides more detailed, we se-
lected the target peptides HLFP-5 and HLWP-4 obtained in the
previous assays to conduct quantitative and qualitative analysis from
outside to inside for gram-negative E. coli ATCC25922 and gram-
positive S. aureus ATCC6538.

The outer membrane containing lipopolysaccharide (LPS) is a
unique component of Gram-negative bacteria, the presence of LPS
and the outer membrane provides additional protection for Gram-
negative bacteria [28]. The premise of AMPs to exert an antibacterial
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effect is to generate electrostatic interaction with the membrane of
bacteria [35]. For Gram-negative bacteria, the outermost component
is LPS, so the interaction of the peptides with LPS were determined.
BODIPY-TR-cadaverine (BC) fluorescent probe can bind to LPS, re-
sulting in fluorescence quenching. After the peptide binds to LPS, the
BC fluorescent probe is displaced, and the fluorescence is released in
the solution. As shown in Fig. 3a, the peptides HLFP-5 and HLWP-4
bind to LPS in a concentration-dependent manner, and the binding
capacity of the peptide to LPS was about 50 % at 2x MIC con-
centration. The main components of Gram-positive bacterial envel-
opes include peptidoglycan, lipoteichoic acid (LTA), etc., which have
also been shown to interact with AMPs [36,37]. Similar to the LPS of
Gram-negative bacteria, a unique component of LTA on the surface
of Gram-positive bacteria, also showed dose-dependent binding to
the peptides (Fig. 3b). This indicates that the higher the concentra-
tion of the peptides, the stronger the binding ability to the nega-
tively charged components on the bacterial membrane. N-phenyl-1-
naphthylamine (NPN) is a hydrophobic probe that fluoresces once
the outer membrane of Gram-negative bacteria is loosened and NPN
enters the hydrophobic environment inside the cell [38]. As shown
in Fig. 3¢, d, peptides HLFP-5 and HLWP-4 have very high perme-
ability to the outer membrane of E. coli, and at high concentrations,
the permeabilization rate of peptide HLFP-5 to the outer membrane
of E. coli even exceeds 100 %, indicating the ability to destroy the
outer membrane stronger than of polymyxin B. The positive charge
of the peptide determines the binding ability to the negative charge
of the bacterial membrane, and the hydrophobicity determines the
ability to destroy the bacterial membrane [39]. As expected, the
overall hydrophobicity of peptide HLFP-5 was stronger than that of
peptide HLWP-4, and thus the ability of peptide HLFP-5 to induce
permeabilization of the outer membrane of Gram-negative bacteria
was also greater. The cytoplasmic membrane is considered to be the
last line of defense for bacteria, therefore, the cytoplasmic mem-
brane potential changes of E. coli ATCC25922 and S. aureus ATCC6538
after peptide treatment were measured using the cytoplasmic
membrane-sensitive dye DiSC3(5). As shown in Fig. 3e-h, E. coli and
S. aureus cytoplasmic membranes were strongly and rapidly depo-
larized after treatment with peptides HLFP-5 and HLWP-4. For E. coli,
the release of fluorescence reaches a maximum at around 50 s, while
it takes about 200 s for S. aureus to reach a maximum. This may be
because the peptidoglycan of S. aureus is much thicker than that of E.
coli, and the peptidoglycan layer hinders the speed of AMPs reaching
the cytoplasmic membrane to a certain extent. These data reveal
that the high stability peptides HLFP-5 and HLWP-4 exert anti-
bacterial effects by perturbing bacterial membranes.

To further qualitatively and quantitatively study the antibacterial
mechanism of the peptides, the membrane permeable dye SYTO9
and the non-membrane permeable dye propidium iodide (PI) were
used to perform fluorescence imaging analysis of the peptide-
treated bacteria. As shown in Fig. 3i, j, the membrane without
peptide treatment is intact, SYTO9 fluoresces green across the intact
cell membrane to bind to DNA, PI cannot enter the cell and combine
with DNA. Consistent with previous research results, the cyto-
plasmic membranes of E. coli and S. aureus treated with peptides
were ruptured, and PI entered the cells and chimeric into DNA to
emit red fluorescence and overlapping with green fluorescence.
(Fig. 3i, j) [40]. Based on the above results, the proportion of dead
cells was analyzed with flow cytometry. 1 xMIC of peptides HLFP-5
and HLWP-4 induced mild bacterial death, and doubling the con-
centration would cause a large number of bacterial death, and the
bacterial death ratio was close to or even more than 90 % (Fig. 3k). To
make the bactericidal procedure of the target peptide more trans-
parent, the bactericidal kinetics of the peptides were determined
using a standardized protocol (Fig. 4b). The results of bactericidal
kinetics showed that peptides HLFP-5 and HLWP-4 had similar
bactericidal rates (Fig. 4c-f). Specifically, at 1xMIC concentration,
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and after treatment with 2 xMIC peptides HLFP-5 or HLWP-4.

peptides HLFP-5 and HLWP-4 could not completely kill E. coli and S.
aureus (Fig. 4c-f). At 2 xMIC concentration, E. coli was completely
killed in about 30min, and S. aureus was completely killed in
120 min (Fig. 4c-f). It is speculated that because the peptidoglycan of
Gram-positive bacteria is much thicker than that of Gram-negative
bacteria, it affects the penetration rate of the peptide. Therefore, the
speed of peptides killing Gram-positive bacteria is slower than that
of Gram-negative bacteria.

In addition to the direct destruction of bacterial membranes,
AMPs have intracellular targets [41]. The division cycle of bacteria is
similar to that of eukaryotic cells (Fig. 4i). For example, a bacteriocin
lactocin XN8-A can induce bacterial cell cycle arrest and produce
antibacterial ability [42]. Inspired by these studies, we investigated
the ability of the peptides HLFP-5 and HLWP-4 to interfere with the
cell cycle of E. coli and S. aureus. As shown in Fig. 4g, h, for E. coli, cells
in G2/M or S phase were significantly increased after peptide
treatment, and cells in the G1 phase were decreased, indicating that
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the peptide-induced E. coli cell cycle arrest in G2/M or S phase. For S.
aureus, cells in G1 and S phases decreased after peptide treatment
and increased in G2/M. Thus, the peptides HLFP-5 and HLWP-4 have
similar mechanisms against Gram-negative and Gram-positive bac-
teria. Furthermore, in drug resistance assay, the antibacterial ability
of colistin decreased by 128-256 fold during a passage for 30 con-
secutive days, while the antibacterial ability of the target peptides
HLFP-5 and HLWP-4 hardly changed (Fig. 4a). Therefore, under the
action of a comprehensive mechanism, the target peptide is less
likely to develop drug resistance than antibiotics.

Based on the above findings, we used scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM) to directly
observe the ultrastructural changes of bacteria to further determine
the disruptive effect of the peptides. As anticipated, the results of
SEM showed that the originally smooth bacteria became rough,
wrinkled, and even broken after treatment with peptides HLFP-5 or
HLWP-4 at 2 x MIC (Figure 4j). Furthermore, under TEM, the control
bacteria had intact membrane structures and a dense cytoplasm, and
the peptide-treated samples showed cytoplasmic vacuoles, mem-
brane ruptures, and leakage of contents (Figure 4k). Collectively,
these results demonstrate the process of membrane disruption from
the outside to the inside of the high stability peptides HLFP-5 and
HLWP-4, including binding negatively charged components of bac-
terial membranes, altering outer membrane permeability, inducing
cytoplasmic membrane depolarization, inducing bacterial mem-
branes rupture, and interfere with the cell cycle, etc.

In vivo biocompatibility of target peptides HLFP-5 and HLWP-4

In the previous results, we have demonstrated that the target
peptides HLFP-5 and HLWP-4 are not significantly cytotoxicity to
IPEC-1 at high concentrations, and to ensure the safety of the
treatment, the toxicity of the peptides was further evaluated in vivo.
Most of the previous studies used rodents as a model to evaluate the
in vivo effects of drugs, and although the test was simple and easy to
operate, some studies failed at the bedside [43]. Considering that
pigs as an experimental animal, their anatomy and physiology are
close to those of humans, the pig and human genomes are similar in
their functional and structural comparison of immune-related pro-
teins, and pigs will spontaneously succumb to infections similar to
human disease, they are more suitable for the modeling of treat-
ments for bacterial infections [44]. On that account, the in vivo
biocompatibility of the peptides HLFP-5 and HLWP-4 was assessed
by intraperitoneal injection to weaned piglets at different doses
(2.5 mg/kg and 5 mg/kg). The relevant indicators and pathological
changes in the liver and kidney can well reflect the biocompatibility
of drugs. Peptides HLFP-5 and HLWP-4 were injected in-
traperitoneally into weaned piglets at low doses (2.5 mg/kg) or high
doses (5 mg/kg), and after a 12 h observation period, the organs of
the liver and kidney of piglets were calculated relative organ weights
changes (Fig. 5a). As shown in Fig. 5b, c, there were no significant
differences in relative organ weights of piglets between groups after
the observation period. Additionally, parameters related to renal
function including creatinine (CREA), urea (UREA), uric acid (Ua),
and liver function include alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bilirubin (TBIL), and alkaline phos-
phatase (ALP) were not significantly different from those in the
control group (Fig. 5d-j), indicating that the liver and kidney-related
indexes of piglets were maintained at normal levels after treatment
with peptides HLFP-5 and HLWP-4. The results of histological images
showed no histological abnormalities in the liver and kidney of
piglets after low-dose and high-dose treatment with peptides HLFP-
5 and HLWP-4 (Fig. 5k). Based on the above results, it is shown that
after a single intraperitoneal injection of the peptides HLFP-5 and
HLWP-4 into piglets, there is no abnormality in each index,

Nano Today 49 (2023) 101793

indicating that both peptides have good biocompatibility and can be
used to treat bacterial infections in piglets.

In vivo activity of target peptides HLFP-5 and HLWP-4

Based on previous in vivo biocompatibility results, 2.5 mg/kg and
5 mg/kg were determined to be safe doses for the peptides HLFP-5
and HLWP-4. Furthermore, previous results indicated that the pep-
tides HLFP-5 and HLWP-4 possess excellent antibacterial activity and
stability. Encouraged by these results, the peptides HLFP-5 and
HLWP-4 were used for in vivo activity assessment. As shown in
Fig. 6a, each piglet was injected intraperitoneally with 15 mL of E.
coli (ODggpg =0.15), and then waited for 2 h for the bacterial fluid to be
completely absorbed by the peritoneum. Subsequently, piglets were
treated with a single-dose injection of saline, the peptides HLFP-5
(2.5mg/kg), or HLWP-4 (2.5 mg/kg). Compared with the saline
treatment group, the bacterial load in the liver, kidney, spleen, and
lungs of piglets treated with peptides HLFP-5 and HLWP-4 was sig-
nificantly reduced (Fig. 6b-e). In addition, the antibacterial effect of
HLFP-5 on the kidney and lung was significantly better than that of
HLWP-4, which may be due to the antibacterial ability against E. coli,
and the stability of HLFP-5 was better than HLWP-4. Additionally, as
a Gram-negative bacteria, E. coli releases endotoxins that easily
trigger changes in inflammatory factors, which in turn induce shock
[45]. AMPs have the ability to neutralize endotoxins thanks to their
cationic properties. As shown in Fig. 6f-h, the levels of serum
proinflammatory factors TNF-a, IL-6, and IL-1p in piglets treated
with peptides HLFP-5 and HLWP-4 were significantly lower than
those in the saline-treated group. Furthermore, piglet organs were
used for H&E staining analysis. The liver, kidney, spleen, and lung in
the saline-treated group showed obvious tissue damage, with
bleeding spots and inflammatory tissue infiltration (Fig. 6i). In con-
trast, tissue damage was significantly reduced after treatment with
peptides HLFP-5 and HLWP-4 (Fig. 6i). The above results indicate
that the highly stable engineered peptides HLFP-5 and HLWP-4 have
good antibacterial effects in vivo, and have the potential to treat
bacterial infections and inhibit the up-regulation of inflammatory
factors.

Conclusion

In this study, high salt and protease hydrolytic stability AMP
template (KP)3(HYXP),(KP)3-NH, (X=Trp or Phe, Y = Ile or Leu,
n=2, 3, 4,5 or 6) was developed and a 20-member library was de-
duced. The target peptides HLFP-5 and HLWP-4 were filtered out by
screening system, which showed broad-spectrum antibacterial ac-
tivity, low cytotoxicity, and high stability. Furthermore, HLFP-5 and
HLWP-4 can significantly relieve the organ bacterial load and reduce
the level of inflammatory factors in systemically infected piglets in
vivo, which exerted antibacterial ability via inducing bacterial
membrane rupture and interfering with the cell cycle. Theoretically,
AMPs composed of natural amino acid sequences can be massively
produced via genetic engineering and fermentation engineering,
which drastically reduce the production cost. In summary, these
findings may provide valuable references and theoretical models for
designing high stability AMPs, and lay the foundation for further
advancing the clinical translation of antibiotic replacement bioma-
terials and the development of feed substitute antibiotics in animal
husbandry.

Experimental section
Peptide synthesis

The designed peptides were synthesized by GL Biochem
(Shanghai) Ltd. and purified by reversed-phase high-performance
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and kidney-related functional parameters in piglet serum. k) Histopathological morphology of liver and kidney of piglets treated with saline, peptides HLFP-5, or HLWP-4.

liquid chromatography (RP-HPLC) to a purity exceeding 95 %. The
fidelity and precise molecular masses of the peptides were measured
by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS).

Antibacterial activity assay

The MICs of AMPs were determined by the microdilution assay
[46]. The bacteria were cultured in Mueller-Hinton broth (MHB)
medium to logarithmic growth phase, and then the concentration of

10

the bacterial solution was adjusted to ODggg =0.4 using a spectro-
photometer. The adjusted bacterial suspension was diluted 1000-
fold with MHB medium. Peptide solutions were serially fold-diluted
with bovine serum albumin (BSA) solution (BSA, 0.2 %; acetic acid,
0.01 %) in 96-well plates so that the concentration of peptide am-
phiphiles was in the range of 0.25-128 pM. The peptide solution was
then mixed 1:1 with the diluted bacterial suspension and incubated
at 37 °C for 18-24 h. The MIC value was defined as the concentration
at which the absorbance measured with a microplate reader at 492
nm was less than 0.1. The assay was repeated three times in-
dependently.
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Cytotoxicity assay

The cytotoxicity of AMPs was determined by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
[47]. IPEC-1 cells suspended in DMEM/F12 complete medium (con-
taining 10 % fetal bovine serum) were added to wells 1-11 of 96-well
plates at a concentration of 2 x 10° cells/well. Then, place the 96-well
plate in a cell culture containing a 5 % CO, incubator for 24 h at 37 °C.
After discarding the medium, concentrations were varied from 2-128
uM of peptides were added to wells 1-10 of a 96 well plate, medium
without peptides was added to well 11 as the positive control, and
well 12 containing only medium (without cells) as the negative
control. After 4 h of incubation in the incubator, 20 pL MTT (0.5 mg/
mL) was added to each well of a 96-well plate and incubated for an
additional 2 h. The solution in each well was replaced with 150 uL of
DMSO to dissolve the formazan crystals. The absorbance at 570 nm
was recorded. The results were calculated as cell viability (%). The
assay was repeated three times independently.

Salt stability assay

To determine the effect of salt on the antimicrobial activity of
AMPs, the MIC of AMPs in the presence of salt (150 mM Nacl, 4.5 mM
KCl, 6 uM NH4CI, 8 pM ZnCl,, 1 mM MgCl,, and 4 uM FeCl3) was de-
termined. The assay was repeated three times independently.

Circular dichroism spectrum

Determination of the secondary structure of AMPs by circular
dichroism spectrometer [48]. The circular dichroism spectra of AMPs
(final concentration: 50 pM) in 10 mM PBS, 30 mM SDS, or 50 % TFE
were determined. The data are expressed as mean residue ellipticity:
(observed ellipticity x 1000) |/ (peptide concentration x path
length x number of amino acids).

Protease hydrolytic stability assay

For the MIC method, the changes in antimicrobial activity of
AMPs after incubation with different proteases (8 mg/mL pepsin,
8 mg/mL trypsin, or 2 mg/mL chymotrypsin) were determined [49].
AMPs (2560 uM) were mixed with protease 1:1 (v/v), and their an-
tibacterial activity was measured according to the method men-
tioned above after incubation at 37 °C for 8 h. The assay was repeated
three times independently.

For the HPLC method, after mixing equal volumes of AMPs
(2560 pM) with protease (8 mg/mL pepsin, 8 mg/mL trypsin, or 2 mg/
mL chymotrypsin) and incubating at 37 °C for 0 or 8 h. Samples were
diluted with ultrapure water to a final peptide concentration of
256 pM. Then, the samples were heated at 100 °C for 5 min to in-
activate the proteases. The samples were analyzed using an RP-HPLC
system equipped with an Acchorm Unitary C18 column (5 um, 100 A,
4.6 mm x 250 mm). Acetonitrile and water solution containing 0.1 %
trifluoroacetic acid were used as mobile phases at a flow rate of
1 mL/min. Adjust the loading amount of each sample to make the
sample peaks appear more obvious. The absorbance unit (AU) at
220 nm was recorded.

LPS and LTA binding assay

The binding affinity of the peptides to LPS from E. coli or LTA from
S. aureus was determined by fluorescent probe BODIPY-TR-cada-
verine (BC) [50]. Fluorescent probe BC (5 ug/mL) mixed with LPS
(50 pg/mL) or LTA (50 ug/mL) in Tris buffer (50 mM, pH = 7.4) in-
cubated for 4 h at 37 °C. Subsequently, the peptides HLFP-5 or HLWP-
4 (the final concentration range is 1-16 uM) were added to the
mixed solution and incubated for 1h. Measure fluorescence
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(excitation A=580nm, emission A=620nm) using a microplate
reader. The sample without peptide was used as a negative control,
and the sample with a final concentration of 20 pg/mL polymyxin B
was added as a positive control, and the results were converted into
percentages. The assay was repeated three times independently.

Outer membrane permeability assay

The outer membrane permeability of the peptides HLFP-5 and
HLWP-4 to E. coli ATCC25922 was determined by the dye NPN [51]. E.
coli ATCC25922 in logarithmic growth phase were resuspended to
ODgoo =0.2 in 5 mM HEPES (pH=7.4, containing 5 mM glucose). Then,
NPN dye was added to the prepared bacterial suspension at a final
concentration of 10 uM. Then, the bacterial suspension was mixed
1:1 (v/v) with the peptide solution (the final concentration range is
1-16 pM) in a 96-well plate. Fluorescence values were measured
using a microplate reader at the excitation wavelength of 350 nm
and the emission wavelength of 420 nm. An untreated bacterial
suspension served as a negative control, and a bacterial suspension
treated with 20 ug/mL of polymyxin B served as a positive control.
Calculate permeability as a percentage. The assay was repeated three
times independently.

Cytoplasmic membrane potential assay

Changes in bacterial cytomembrane potential were measured
with the membrane-sensitive dye 3,3’-dipropylthiadicarbocyanine
(DiSC3(5)) [52]. E. coli ATCC25922 or S. aureus ATCC6538 in the
logarithmic growth phase were resuspended to ODggo =0.1 in 5 mM
HEPES buffer (pH=7.4, containing 40 mM glucose and 200 mM KCl).
Subsequently, DiSC3(5) at a final concentration of 0.8 pM was added
to the bacterial suspension and incubated in the dark for 90 min.
After mixing the bacterial suspension with the peptide solution 1:1
(v/v), the final concentration of the peptide is 1 xMIC or 2 xMIC, and
the fluorescence change was detected at the excitation wavelength
of 620 nm and the emission wavelength of 670 nm using a micro-
plate reader.

Bacterial live/dead staining assay

Bacterial membrane integrity analysis was performed using the
nucleic acid dye SYTO9/PI [53]. E. coli ATCC25922 and S. aureus
ATCC6538 cells in the logarithmic growth phase were collected and
resuspended to ODggo =0.1 in PBS (10 mM, pH=7.4). Then, the pep-
tides (the final concentration is 2 xMIC) were mixed 1:1 (v/v) with
bacterial suspensions in 96-well plates, and SYTO9 dye at a final
concentration of 5 uM and PI dye at a final concentration of 20 ug/mL
were added to the samples and incubated at 37 °C for 120 min. The PI
dye (P8080) was purchased from Beijing Solarbio Science & Tech-
nology Co., Ltd. Images were collected using a laser confocal mi-
croscope.

Membrane integrity analysis

Further quantitative analysis of bacterial membrane integrity
using flow cytometry. E. coli ATCC25922 and S. aureus ATCC6538
cells in the same way were used for the membrane integrity analysis.
The bacterial suspension was mixed 1:1 (v/v) with the peptides (the
final concentration is 1 xMIC or 2 xMIC) in a 96-well plate and in-
cubated at 37 °C for 1 h. A final concentration of 20 pg/mL of PI dye
was added to each sample. Finally, the data were collected by flow
cytometry.
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Cell cycle analysis

Cell cycle changes of bacteria were further analyzed using flow
cytometry [54]. E. coli ATCC25922 and S. aureus ATCC6538 cells in
the logarithmic growth phase were collected and resuspended to
ODgop =0.1 in PBS (10 mM, pH=7.4). The peptides HLFP-5 and HLWP-
4 (the final concentration is 1xMIC) were added to the bacterial
suspension and incubated for 1h at 37 °C. The bacteria were then
collected by centrifugation and 70 % ethanol was added overnight.
Then, ethanol was removed by centrifugation, RNase A at a con-
centration of 200 ug/mL was added and incubated for 1 h at 37 °C. PI
dye was added at a final concentration of 20 pg/mL and incubated for
30 min. Finally, the samples were assayed by flow cytometry.

Killing kinetics assay

The killing kinetics assay procedure refers to the previous
method [55]. E. coli ATCC25922 in the logarithmic growth phase was
diluted to ODggg =0.4 and then diluted 1000-fold in PBS (10 mM,
pH=7.4). Subsequently, peptides (the final concentration is 1 x MIC or
2 x MIC) were mixed with bacterial suspensions in 1.5 mL tubes for a
total of 1 mL. After different time intervals, dilute the mixed solution
by an appropriate multiple, and then evenly applied to the Mueller-
Hinton agar (MHA) plate. Colonies were counted after overnight
incubation at 37°C. The assay was repeated three times in-
dependently.

Resistance development assay

The MICs of the peptides were determined as previously de-
scribed in the antibacterial activity assay. The drug resistance assay
refers to the previous procedure [56]. After 24 h, bacterial suspen-
sion was removed from sub-MIC wells and diluted 1000-fold in fresh
MHB medium for next-generation MIC testing. The test lasts 30 d,
once a day, and records the MIC value for each assay.

SEM and TEM assay

Direct observation of bacterial morphology using SEM and TEM
[57]. Bacteria in the logarithmic growth phase were centrifuged and
resuspended to ODggog =0.2 in PBS (10 mM, pH=7.4), Subsequently,
the bacterial suspension was incubated with the peptides (the final
concentration is 2 x MIC) for 2 h at 37 °C. Then, the samples were
centrifuged to remove the supernatant, the bacteria were transferred
to 1.5 mL tubes, and glutaraldehyde (2.5 %, w/v) was added overnight
at 4 °C. The SEM samples and TEM samples were prepared according
to the method of Tang et al. [40].

Source of animal and ethics statement

The female weaned piglets (Duroc x Landrace x Large white)
were provided by Chongqing Hechuan Dekang Pig Breeding Co., Ltd.
All experimental animal procedures were approved by the Animal
Care and Use Committee of the China Agricultural University.

In vivo biocompatibility assay

Healthy female weaned piglets (Duroc x Landrace x Large white,
weighing = 8 kg) were randomly divided into five groups (5 per
group). Piglets were pre-raised for five days to acclimate to the en-
vironment. During the experiment, five groups of piglets were in-
jected intraperitoneally with normal saline, low-dose HLFP-5
(2.5 mg/kg), high-dose HLFP-5 (5 mg/kg), low-dose HLWP-4 (2.5 mg/
kg) and high-dose HLWP-4 (5 mg/kg), respectively, and the injection
volume was 10 mL. 12 h after injection, all piglets were euthanized.
After venous blood collection and centrifugation, serum was
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obtained for blood biochemical index analysis. The kidneys, liver and
body weight of piglets were recorded, and some organ samples were
fixed with 4 % paraformaldehyde for hematoxylin-eosin (H&E)
staining for histological analysis.

In vivo activity assay

Healthy female weaned piglets (Duroc x Landrace x Large white,
weighing = 8 kg) were randomly divided into four groups (5 per
group). One group of healthy piglets received no treatment and
served as a control. Piglets in the other three groups were in-
traperitoneally injected with 15mL of E. coli ATCC25922 with an
ODggo =0.15, and 2 h later, they were given an intraperitoneal in-
jection of saline, peptide HLFP-5 (2.5 mg/kg), or HLWP-4 (2.5 mg/kg),
respectively, with an injection volume of 10 mL. After 12 h, all piglets
were euthanized. The blood of all piglets was collected and the levels
of inflammatory factors in serum were determined by the ELISA
method. The inflammatory factor kit was purchased from Shanghai
Hengyuan Biological Technology Co., Ltd. Partial livers, kidneys,
spleens, and lungs of bacteria-infected piglets were collected for
bacterial enumeration studies by standardized localization.
Furthermore, some organ samples of piglets were stained with H&E
for histological examination.

Statistical analysis

Data are presented as mean + standard deviation (SD) using
GraphPad Prism 8.3.0. Statistical analysis was performed using one-
way analysis of variance (ANOVA) followed by Tukey’s post hoc
analysis. P < 0.05 was defined as statistically different.
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