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Abstract

Antimicrobial peptides are a class of polypeptide substances exhibiting antibac-
terial activity, characterized by numerous advantages including safety and non-
toxicity, broad antimicrobial spectrum, excellent stability, low bactericidal con-
centration, small molecular mass, and weak allergenicity, thereby emerging as
a prominent research focus in the biological sciences. This paper reviews the
current research status and applications of antimicrobial peptides, analyzes ex-
isting challenges and improvement strategies, and discusses future application
prospects.
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Abstract

Antimicrobial peptides are a class of polypeptide substances with antibacte-
rial activity that have become a research hotspot in the biological field due to
numerous advantages, including safety, non-toxicity, broad antimicrobial spec-
trum, good stability, low bactericidal concentration, small molecular weight, and
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weak allergenicity. This paper reviews the current research status and applica-
tions of antimicrobial peptides, analyzes existing problems and improvement
strategies, and discusses future prospects.

Keywords: antimicrobial peptides; bacteriostatic activity; application

Introduction

In recent years, the abuse of antibiotics has led to increasingly serious prob-
lems such as bacterial resistance, drug residues, and environmental pollution.
Concurrently, public concern regarding food, agricultural, and environmental
safety has grown annually, making the search for novel antimicrobial agents ur-
gent. Antimicrobial peptides are diverse and, because their antibacterial mecha-
nism differs from traditional antibiotics, they are less likely to induce resistance.
Consequently, the antimicrobial mechanisms of these peptides have become a
major research focus. Antimicrobial peptides offer multiple advantages, includ-
ing low allergenicity, no residues, and low bactericidal concentrations, meeting
the requirements for food safety and safe production of animal products. They
show potential as food and feed additives, and their low toxicity combined with
various pharmaceutical functions enables extensive medical applications.

Based on domestic and international research reports in recent years, this review
synthesizes current knowledge on antimicrobial peptide mechanisms of action,
application status, existing problems, and improvement strategies.

1.1 Overview of Antimicrobial Peptides

Antimicrobial peptides are generally defined as positively charged, helical, short-
sequence substances with antibacterial effects, typically isolated from various
organisms including unicellular organisms, plants, insects, fish, birds, and mam-
mals. They consist of 12-60 amino acid residues with molecular weights gener-
ally below 10 kDa and are considered important components of innate immunity
for resisting invasion by foreign microorganisms. Due to their abundance of hy-
drophobic groups, antimicrobial peptides typically contain both hydrophobic
and hydrophilic regions, exhibiting amphipathicity toward cell membranes.

Numerous scholars have isolated antimicrobial peptides from food-derived pro-
teins, with the earliest study dating to 1966 when antibacterial peptides with
activity against various bacteria were isolated from bovine casein. In 1972 and
1980, Swedish scientists Boman and Hultmark discovered similar antibacterial
substances through induction in pupae of the cecropia moth (Hyalophora ce-
cropia). The first true antimicrobial peptide, named cecropin by Boman, in-
hibited both Gram-positive and Gram-negative bacteria. Since then, various
antimicrobial substances have been discovered, with insects and certain inver-
tebrates being extensively studied. To date, over 2,000 naturally occurring
antimicrobial peptides have been identified.
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1.2 Mechanism of Action of Antimicrobial Peptides

The emergence of antibiotic-resistant bacteria due to antibiotic abuse has high-
lighted that antimicrobial peptides can inhibit certain drug-resistant strains,
suggesting their mechanism differs from conventional antibiotics. While no
definitive mechanism has been established, researchers have proposed various
hypotheses broadly categorized into three types: cell membrane damage, intra-
cellular bactericidal activity, and immunomodulatory effects.

1.2.1 Cell Membrane Damage Mechanism The cell membrane damage
mechanism involves two primary steps: first, selective adsorption of antimicro-
bial peptides to negatively charged bacterial cell membranes, followed by killing
through either pore-forming or non-pore-forming modes. Pore-forming modes
can be further divided into four models.

The first is the barrel-stave model, where peptides embed their hydrophobic
groups into the cell membrane after adsorption, forming channel structures that
cause bacterial cell contents to leak out, leading to death (e.g., Ctx-Ha). The
second is the carpet model, where peptides alter membrane surface tension, caus-
ing deformation and eventual membrane disintegration; studies show that au-
rein 1.2 operates through this mechanism. The third is the toroidal-pore model,
where peptides aggregate and insert into the membrane, inducing bending of
the bacterial phospholipid monolayer to form ring-shaped pores approximately
1-2 nm in diameter, ultimately causing bacterial death (e.g., Lacticin Q). The
fourth is the aggregate channel model, where peptides bind with phospholipid
molecules on the membrane surface to form peptide-lipid polymers that enter
the cell, causing bacterial damage (e.g., Maculatin 1.1).

Non-pore-forming mechanisms propose that peptides bind to the bacterial cell
membrane surface and disrupt normal physiological functions, such as affecting
DNA replication, RNA transcription, or protein synthesis, thereby causing cell
death.

1.2.2 Intracellular Bactericidal Mechanism Research demonstrates that
some antimicrobial peptides can penetrate bacterial cell membranes and enter
the cytoplasm, affecting cellular biochemical processes to exert bactericidal ef-
fects intracellularly. For example, the synthetic antimicrobial peptide NK-18,
derived from NK-lysin, inhibits both Gram-negative and Gram-positive bacteria.
Mechanistic studies reveal that NK-18 can kill bacteria not only by disrupting
cell membranes but also by entering the cytoplasm and binding to DNA to
disrupt physiological activity. This dual-action mechanism endows NK-18 with
high activity and stability.

1.2.3 Immunomodulatory Mechanism Not all antimicrobial peptides
function through direct bactericidal action; some exert activity through
immunomodulatory effects. These include: reducing endotoxin-induced inflam-
matory responses, inducing cytokine secretion to recruit macrophages and other
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immune cells, promoting pro-inflammatory factor synthesis, and regulating
adaptive immunity. Although these peptides cannot directly kill bacteria, they
enhance the body’ s ability to resist infection.

The ability of antimicrobial peptides to exert antibacterial effects without harm-
ing normal cells primarily stems from their positive surface charge interacting
with negatively charged bacterial cell membranes, whereas eukaryotic cell mem-
branes consist of neutral phospholipids, sphingomyelin, and cholesterol. There-
fore, the interaction between antimicrobial peptides and anionic bacterial mem-
brane surfaces is the key factor in bacterial killing. Additionally, researchers
believe that the amino acid composition of antimicrobial peptides determines
their charge, amphipathicity, and hydrophobicity—properties that significantly
influence their mode of action and selective effects on microbial cells.

In summary, regardless of the specific mechanism, antimicrobial peptide activity
is undoubtedly closely related to the structure and properties of bacterial surface
cell membranes.

2. Applications of Antimicrobial Peptides

Beyond broad antibacterial spectra, antimicrobial peptides exhibit selec-
tive inhibitory effects against fungi, parasites, and even viruses, while
also demonstrating antitumor, antiprotozoal, wound-healing-promoting,
and immune-modulating activities. Consequently, they have wide-ranging
applications across various industries.

2.1 Medical Applications Antimicrobial peptides have extensive medical
applications. In tumor and cancer therapy, many drugs affect normal cells while
inhibiting or killing cancer cells. However, some antimicrobial peptides can se-
lectively inhibit tumor and cancer cells without affecting normal cellular activ-
ities, making them suitable drug candidates. For instance, lactoferrin-derived
peptides inhibit tumor cells, breast cancer cells, and gastric cancer cells.

Peptide drugs offer advantages including small molecular weight, simple
structure-activity relationships, easy modification, and protein-like activity
with significant therapeutic efficacy, making them ideal candidates for drug
development, production, and application. Several antimicrobial peptide
drugs have already entered the market; for example, daptomycin, an anionic
antimicrobial peptide approved in 2003, is used for skin infections caused by
Staphylococcus aureus and other Gram-positive bacteria.

Antimicrobial peptides can also serve as drug carriers. Laszlo demonstrated
that homologs of the insect antimicrobial peptide pyrrochoricin have vaccine
delivery potential, offering a new application strategy. In medical device main-
tenance, Rai et al. coated gold nanoparticles with cecropin-melittin hybrids for
use in medical equipment, proving they prevent device-related infections while
exhibiting low toxicity to humans. Immobilized antimicrobial peptides could sig-
nificantly reduce the substantial costs associated with equipment maintenance.
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In conclusion, the multiple advantages of antimicrobial peptides promise good
application prospects in pharmaceuticals and medical devices.

2.2 Agricultural and Livestock Applications Due to their unique advan-
tages, antimicrobial peptides have promising applications in agriculture and
animal husbandry. In agriculture, they can cultivate disease-resistant varieties
while extending the shelf life of agricultural products. In animal husbandry,
they can eliminate pathogenic bacteria, improve immunity, enhance animal pro-
duction performance, and do so safely without residues, causing no harm to
animals or environmental pollution, thereby generating considerable economic
benefits for the breeding industry.

During growth, plants suffer from varying degrees of microbial damage.
Through genetic engineering, introducing antimicrobial peptide genes into
crops can inhibit phytopathogen growth and cultivate new disease-resistant
varieties. For example, Osusky et al. introduced insect antimicrobial peptide
genes into potatoes, obtaining plants resistant to bacterial and fungal infections
for approximately one year. Researchers transferring the antimicrobial peptide
Shiva-1 into tobacco found it could resist Pseudomonas solanacearum infection,
reduce wilting symptoms, and decrease tobacco mortality.

Antimicrobial peptides also provide post-harvest protection; potatoes expressing
the MsrA3 gene not only showed reduced disease during growth but could be
stored for over two years without pathogen damage, significantly improving crop
preservation.

In animal husbandry, antimicrobial peptides as feed additives inhibit pathogenic
bacteria such as E. coli and Salmonella, promote livestock growth, and improve
product quality. For example, Cao Liting et al. administered nisin into the
mammary glands of cows with mastitis, finding it promoted mammary tissue
repair and improved milk synthesis capacity, suggesting nisin’ s potential as a
mastitis therapeutic agent.

Antimicrobial peptides can eliminate bacteria and viruses in animals, improving
production performance. Liu Hongjian et al. found that adding small amounts
of antimicrobial peptides to sow feed significantly improved piglet survival rates
and average weight gain. Hou Zhenping et al. fed weaned piglets with E. coli fol-
lowed by lactoferricin B and cecropin P1, finding these peptides improved growth
performance, reduced diarrhea rates, and alleviated weaning stress. Huang Mu-
jia et al. replaced plasma protein powder with 2% antimicrobial peptide prepara-
tion, observing increased daily weight gain, improved feed conversion, effective
relief of weaning stress syndrome, reduced diarrhea rates, and significantly im-
proved piglet health.

Antimicrobial peptides also enhance animal immunity. Jia et al. injected Vibrio
into coho salmon and fed them with two antimicrobial peptides, demonstrating
that the peptides improved fish resistance to infection and reduced mortality.
Jiang Shan et al. found that adding appropriate amounts of antimicrobial pep-
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tides to tilapia feed promoted growth, improved immunity, and increased sur-
vival rates, though excessive doses caused side effects. Lii Zunzhou et al. showed
that adding antimicrobial peptides to feed improved serum immune levels in
chickens and promoted interleukin-2 gene expression in spleens, thereby enhanc-
ing immunity. Yang Yurong et al. added ostrich skin antimicrobial peptides
to chick drinking water, finding they promoted immune organ development, in-
creased T lymphocyte numbers, and enhanced cellular immunity.

2.3 Food Industry Applications In the food industry, antimicrobial pep-
tides serve as natural preservatives, effectively reducing diseases caused by FE.
coli and Salmonella while better preserving food flavor compared to heat treat-
ment. Due to their thermal stability, some peptides can be used in foods re-
quiring heating. Nisin, a peptide secreted by Streptococcus lactis that inhibits
certain Gram-positive bacteria, is a safe, natural food preservative with good
antibacterial effects in various foods. Many countries, including the UK and
France, use nisin as a food preservative without limiting its addition.

Beyond serving as natural preservatives, antimicrobial peptides can be used as
additives to improve food quality. For example, adding modified lacticin 3147
to cheese improved flavor by maintaining the balance of non-fermentative lactic
acid bacteria flora.

Additionally, antimicrobial peptides can be incorporated into food packaging
or sprayed directly onto food surfaces to achieve bioactive packaging. This ap-
proach is safe and hygienic, effectively inhibits pathogen growth, and extends
shelf life. For vegetables and meat products, spraying edible antimicrobial pep-
tides on surfaces can reduce moisture loss and maintain good appearance. Quin-
tieri et al. coated cheese packaging materials with lactoferrin-derived peptides,
inhibiting Pseudomonas growth and effectively extending shelf life.

With scientific and technological development, antimicrobial peptides will have
higher utilization value across various industries.

3. Problems and Solutions in Antimicrobial Peptide Applications

Despite significant advantages including safety, broad antimicrobial spectrum,
low bactericidal concentration, good stability, small molecular weight, and weak
allergenicity, along with efficacy against drug-resistant bacteria, current research
on antimicrobial peptides remains primarily at the laboratory and in vitro levels.
Market and medical applications require solving a series of problems. This
section analyzes existing problems and improvement strategies based on recent
research.

3.1 Source Issues Antimicrobial peptides are obtained through four main ap-
proaches: (1) Direct isolation and purification from organisms. Although widely
sourced, their natural abundance is low with limited resources, and purification
requires multiple chromatographic techniques, resulting in high production costs
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and difficulty in large-scale manufacturing. (2) Enzymatic hydrolysis of antimi-
crobial proteins. While operationally simple and inexpensive with highly active
products, extraction steps are cumbersome and inefficient with high purification
costs. Key challenges include achieving directed enzymatic cleavage and rapid,
high-throughput preparation. (3) Chemical synthesis based on known amino
acid sequences. This method enables rapid acquisition of target peptides but
suffers from high costs and difficulty maintaining natural structures. (4) Genetic
engineering by introducing antimicrobial peptide genes into host organisms for
expression. This approach yields diverse products in large quantities, but the
resulting peptides are susceptible to degradation by host proteases, making pure
product acquisition difficult, and potential host toxicity requires investigation.

All four methods share disadvantages of high cost and low efficiency. Rapid iso-
lation and preparation are key to widespread application. Therefore, developing
new, efficient preparation methods based on antimicrobial peptide characteris-
tics warrants further investigation. For example, rational design of amino acid
sequences can produce peptides with stronger antibacterial activity than parent
peptides. For genetically engineered peptides, selecting appropriate host strains
can improve expression levels and activity, or using fusion expression can reduce
damage to host cells.

3.2 Safety Issues Current antimicrobial peptide research is primarily based
on in vitro models and limited clinical trials, with insufficient toxicological stud-
ies. Medical applications require further investigation of toxicity, teratogenicity,
and allergenicity, as well as clinical trials to determine dosage and administra-
tion routes. For example, polymyxins and gramicidin S, known peptide an-
tibiotics for clinical topical application derived from bacteria with structural
modifications, are effective against infections but too toxic for systemic use.

Structure significantly influences antimicrobial peptide properties. To ensure
safety, structural modifications can maintain activity while reducing toxic side
effects. Avitabile et al. substituted 1-2 amino acid residues in Temporin-B from
the European common frog with alanine and added lysine, finding the modi-
fied peptide showed significantly enhanced inhibition of Gram-positive bacteria
without hemolytic activity. Truncating active peptides to improve antibacterial
activity while reducing toxic side effects is also effective. Dong et al. truncated
avian f-defensin 4, improving antibacterial activity while reducing hemolytic
toxicity.

Researchers found that antimicrobial peptide Polybia-MPI had antitumor ac-
tivity but was susceptible to enzymatic degradation and toxic. Substituting
amide bonds with thioamide bonds yielded MPI-1 with high activity, stability,
and low toxicity. PEGylation is another method to reduce hemolysis. Morris
et al. created hybrid peptides from human and cecropin antimicrobial peptides,
and after PEGylation, found significantly reduced toxicity to lung epithelial
cells.

chinarxiv.org/items/chinaxiv-201711.01731 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.01731

ChinaRxiv [$X]

3.3 Activity and In Vivo Stability Issues Although antimicrobial peptides
show high activity, many are not yet suitable for market applications compared
to antibiotics. Researchers have extensively studied activity enhancement, with
conjugation being a common and effective method. Li Ting et al. added glu-
cose and sucrose to yellow croaker protein antimicrobial peptides, improving
inhibitory activity against indicator bacteria through Maillard reactions. Since
charge quantity affects binding to bacterial membranes, substituting negatively
charged amino acids with positively charged ones within a certain range may
enhance antibacterial activity.

Co-administration with other substances may also yield higher activity through
synergistic effects. For example, the antimicrobial peptide indolicidin and antibi-
otic levofloxacin can be amide-linked, with the conjugate showing significantly
enhanced inhibition of Gram-positive bacteria.

Many studies have demonstrated antimicrobial peptide stability under high tem-
perature, acid-base conditions, and freeze-thaw cycles. Wang Chen et al. de-
signed novel cecropin-like antimicrobial peptides that maintained good antibac-
terial activity after heating at 100 °C for 2 hours. However, antimicrobial pep-
tides are susceptible to degradation by human proteases, resulting in poor stabil-
ity. Gronberg et al. found that antimicrobial peptide LL-37 lost its antibacterial
activity after 6 hours of incubation with trypsin.

Understanding protease characteristics can help improve in vivo stability. Hu-
man proteases fall into two categories: exopeptidases acting on peptide chain
termini and endopeptidases acting on internal peptide bonds. Modifying antimi-
crobial peptides to reduce protease binding can enhance stability. For peptides
susceptible to exopeptidases, terminal blocking methods can prevent degrada-
tion, including C-terminal amidation, N-terminal acetylation, and deamination.
To prevent endopeptidase hydrolysis, D-amino acids can replace L-amino acids
near specific cleavage sites, or linear peptides can be cyclized to maintain struc-
tural stability.

Carmona et al. used D-amino acids to replace L-amino acids in antimicrobial
peptide Pin2, maintaining antibacterial activity while preserving high activity
in serum and trypsin environments. Chan et al. cyclized antimicrobial pep-
tide Gomesin, significantly improving peptide stability and enhancing antitu-
mor and antimalarial activities. Additionally, immobilization can increase sta-
bility. Dutta et al. immobilized antimicrobial peptides onto polyhydroxyethyl
methacrylate, significantly reducing cytotoxicity.

In summary, the charge properties and hydrophobicity of antimicrobial peptides
affect their interaction with bacterial membranes, thereby influencing antibac-
terial activity and stability. Structural modification to improve activity is a
worthwhile research direction. Additionally, selecting appropriate animal mod-
els and administration routes is crucial when studying in vivo activity, stability,
and safety. Ensuring safety, high activity, and optimal preparation methods will
facilitate better applications in medicine, food, and animal husbandry, enabling
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more efficient discovery of beneficial peptides.

4. Summary and Future Prospects

Current research on discovered antimicrobial peptides is extensive, but the re-
lationship between their mechanisms and structure remains unclear. However,
with scientific and technological advances and improving biotechnology, we will
gain more accurate understanding of antimicrobial peptide mechanisms and dis-
cover more highly active and safe peptides from various organisms.

Researchers are actively seeking antimicrobial peptides to replace commercially
available antibiotics that have developed resistance, or to combine antimicrobial
peptides with traditional antibiotics for synergistic effects. Future optimization
will focus on reducing toxicity and production costs while expanding antimi-
crobial spectra and improving performance. Some antimicrobial peptides do
not act directly on pathogens but instead clear pathogens by modulating host
immune systems, offering a new therapeutic approach for infections.

In food applications, spraying safe antimicrobial peptides on vegetables and
other foods to extend shelf life and sensory quality, or directly applying them
to packaging materials, will ensure food safety and preservation. In animal hus-
bandry, numerous trials demonstrate antimicrobial peptides can serve as feed
additives to improve livestock product performance, though safety, pharmacoki-
netics, and efficacy require further investigation, as do peptide modification
strategies.

In conclusion, research on antimicrobial peptide mechanisms, safety, antibacte-
rial activity, and stability remains a formidable task. However, we believe that
with deepening research, the value of antimicrobial peptides will be better uti-
lized across industries, existing problems will be solved, and they will ultimately
benefit all humanity.
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