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Abstract 

Antimicrobial resistance has emerged as a critical threat to global health, with drug-resistant 

infections. Antimicrobial peptides (AMPs) are a promising class of therapeutics to address this crisis 

due to their broad-spectrum activity, ability to target multiple sites, and reduced susceptibility to 

resistance development. However, native AMPs often face limitations, including short in vivo half-

life, susceptibility to proteolysis, and suboptimal pharmacokinetics. Fatty acid conjugation 

(lipidation) of AMPs has emerged as an effective strategy to enhance their therapeutic potential. 

Covalently attaching hydrophobic fatty acid chains to peptide sequences is used to improve 

membrane binding and antimicrobial potency, increase proteolytic stability and half-life (often via 

serum albumin binding), and modulate selectivity toward microbial over host cells. This review 

provides an overview of fatty acid-conjugated AMPs (FAMPs). We first summarize the fundamental 

mechanisms of AMP action and then discuss the rationale for fatty acid modification. We describe 

common conjugation strategies (e.g., N-terminal acylation, side-chain attachment chemistry) and 

examine how lipidation affects antimicrobial activity, spectrum, stability against degradation, and 

selectivity. We highlight applications of lipopeptide AMPs in drug delivery (including improved oral 

uptake and tissue targeting), anti-biofilm interventions, and combating multi-drug-resistant strains. 

Safety and toxicity considerations are addressed, emphasizing the balance between increased 

hydrophobicity and host cell compatibility. Finally, we discuss future directions and perspectives in 

this field, such as optimizing fatty acid structure to maximize efficacy and safety, using artificial 

intelligence in design, and integrating FAMPs into next-generation therapeutic strategies. 
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1. Introduction 

The rise of antimicrobial resistance has rendered many conventional antibiotics ineffective, 

creating an urgent need for alternative therapeutic strategies [1]. Antimicrobial resistance is 

associated with about 1.27 million deaths in 2019 [2]. This toll could climb to 10 million annually by 

2050 without new interventions [3].  

For example, AMR in Enterococcus faecium infections is spreading due to inadequate treatment 

options for resistant strains, with the high prevalence in Asia [4]. In the USA, about 19% of Extended-

Spectrum Beta-Lactamases (ESBL)-Klebsiella spp. in dairy cattle, feed, and water were multidrug 

resistant [5]. Varied resistance genes of azithromycin have been identified in Escherichia coli and 

Salmonella from food-producing animals and meat investigated in Europe [6]. A significant incidence 
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of bacterial infections with antimicrobial resistance, mostly E. coli, was detected among pregnant 

women in East Africa [7].  

The link between antimicrobial resistance and cancer is determined from the most frequently 

reported outcome, the mortality rate, indicated in 47% of studies, according to a systematic review, 

which highlighted the important influence of AMR on cancer patients’ survival [8]. The high risk of 

attaining antibiotic-resistant infections in cancer patients is due to numerous hospital visits and 

admissions for either therapy/or surgeries. In addition, the treatment causes cancer patients to have 

compromised immune systems; consequently, they are more susceptible to fatal infections such as 

Methicillin-resistant Staphylococcus aureus and Carbapenem resistance in Acinetobacter baumannii, and 

Klebsiella pneumoniae [9].  

In this context, risks to global health require improving the effectiveness of antimicrobial agents 

and discovering novel approaches to fight infectious diseases. Amongst these approaches is the 

antimicrobial peptides (AMPs) that have developed as capable candidates against resistant 

pathogenic strains [10]. AMPs are naturally occurring or synthetic short peptides that can kill a broad 

range of bacteria, fungi, and even viruses. The main advantages of using AMPs over current 

antibiotics include their ability to target multiple sites, reduction in susceptibility to develop 

resistance, and their high effectiveness at low doses. Indeed, AMPs have demonstrated efficacy 

against notorious multidrug-resistant pathogens such as the ESKAPE group (Enterococcus faecium, S. 

aureus, K. pneumoniae, A. baumannii, Pseudomonas aeruginosa, and Enterobacter spp.). Moreover, AMPs 

can be effective at relatively low concentrations, and some modulate host immune responses, aiding 

in infection control [11]. 

AMPs are recognized for their mechanism of action, including membrane permeabilization, 

inhibiting multiple targets, and innate immunity modulation, which causes their activity against 

common resistance mechanisms of pathogenic bacteria. Consequently, AMPs, such as polymyxin B, 

cathelicidins, temporins, defensins, and magainins, which are in clinical use, exhibited effectiveness 

against a broad range of multidrug-resistant pathogens, comprising the ESKAPE organisms [12]. 

Both phenotypic and genetic resistance to AMPs may be overcome by identifying specific metabolic 

pathways and their associated genes, and then targeting them for antimicrobial therapy [13].  

Despite their promise, the therapeutic development of AMPs faces challenges. Unmodified 

peptides are often rapidly degraded by proteases and cleared from the bloodstream, resulting in short 

half-lives. Many AMPs have suboptimal pharmacokinetic properties and can exhibit toxicity or lack 

stability under physiological conditions [14]. To overcome these limitations, various peptide 

engineering approaches have been explored, including cyclization, D-amino acid substitution, and 

N-terminus capping [14–22]. 

One particularly effective modification is fatty acid conjugation, also known as lipidation, 

wherein a fatty acyl chain is covalently attached to the peptide. Nature provides precedent for this 

approach. Several clinically used lipopeptide antibiotics, like daptomycin (a cyclic lipopeptide with 

an N-terminal decanoyl) [23] and polymyxins (containing hydrophobic fatty acyl tails), including 

polymyxin B [24] and colistin (polymyxin E) [25] (Figure 1) owe their potent membrane-disruptive 

activity in part to their lipid moieties.  
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Figure 1. Lipopeptide antibiotics containing a fatty acyl chain (e.g., daptomycin, colistin, and polymyxin B). 

In general, fatty monoacid derivatives are associated with a higher affinity to bind bacterial 

membranes and facilitate entry [26]. Drug bioactivity can also be enhanced through fatty acid-

modified nanocarriers by fatty acid transporters, facilitating their passage across the intestinal barrier 

[27]. Fatty acids and monoglycerides, which are assigned to target the bacterial cell membranes, can 

use three modes of action through increasing the permeability of the membrane and inducing cell 

lysis, electron transport chain disruption, and oxidative phosphorylation uncoupling, and inhibiting 

the enzymatic activities of membranes and uptake of nutrients [28].  
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Figure 2 illustrates the effects of the peptide’s lipidation. Fatty acid conjugation can provide 

AMPs with greater hydrophobic character, promoting their association with bacterial membranes 

and improving uptake into target cells. Additionally, attaching a fatty acid can shield peptides from 

proteolytic enzymes and facilitate binding to plasma proteins like albumin, thereby extending the 

peptide’s plasma half-life [29]. Early studies showed that acylation of cationic AMPs often broadened 

their spectrum of activity [30,31]. 

 

Figure 2. Effect of peptide lipidation. 

Over the past decade, numerous modified lipopeptide AMPs have been designed, revealing 

how the length and nature of the fatty acid, as well as the site of attachment, critically influence 

antimicrobial efficacy and selectivity. In this review, we detail the mechanisms by which AMPs act 

on microbes and the rationale behind fatty acid modification. We then examine the effects of 

lipidation on antimicrobial activity, stability, and cell selectivity, drawing on recent examples from 

the literature. Key applications of FAMPs, including improved drug delivery, anti-biofilm properties, 

and activity against resistant pathogens, are highlighted. We also discuss safety and toxicity 

considerations, since increasing hydrophobicity can impact biocompatibility. Finally, we outline 

future directions and perspectives for FAMPs, such as optimizing fatty acyl chain properties and 

combination therapies. By integrating findings from the past decade with foundational studies, this 

review aims to provide a cohesive understanding of how fatty acid conjugation can enhance AMP 

therapeutic potential. 

2. Mechanisms of Antimicrobial Peptide Action 

AMPs exhibit diverse mechanisms of action (Figure 3) that collectively make them effective 

against a broad array of pathogens and less prone to resistance. The primary and best-studied 

mechanism is the disruption of microbial membranes [32]. Due to their cationic and amphipathic 

nature, AMPs are attracted to the negatively charged bacterial membrane surface and can insert into 

the lipid bilayer, leading to membrane perturbation and cell lysis.  

This membrane-targeting action can occur via several models (carpet-like membrane coverage, 

toroidal pore formation, or barrel-stave pore formation), ultimately compromising the integrity of 

the pathogen’s cell envelope [33–35]. Cationic AMPs can modify membrane permeabilization. AMPs 

bind to bacterial membranes (rich in acidic phospholipids) and integrate into the lipid bilayer, leading 

to pore formation or wholesale membrane disruption. This causes leakage of cellular contents and 

cell death. Membrane depolarization and loss of barrier function are typically rapid, explaining the 

fast bactericidal action of many AMPs [36]. 
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Membrane-disruptive mechanisms are fundamentally distinct from those of most conventional 

antibiotics, and thus, bacteria have difficulty developing resistance to them. The electrostatic 

interaction between positively charged AMPs and anionic bacterial phospholipids facilitates rapid 

binding, while the hydrophobic portions of the peptide insert into the lipid layer to induce 

permeability changes. Because this mode of action does not rely on a single protein target, even 

multidrug-resistant bacteria (which often have altered enzymes or ribosomes) remain susceptible to 

membrane-active AMPs [37,38]. 

In addition to membrane disruption, many AMPs can translocate into the cell and interact with 

internal targets. For example, some AMPs bind to nucleic acids or ribosomes, inhibiting DNA, RNA, 

or protein synthesis in the microbe [32]. Others interfere with the key enzymes or induce the 

production of reactive oxygen species inside the cell [39]. A number of AMPs also have 

immunomodulatory effects in the host, such as recruiting immune cells or neutralizing endotoxins 

[40]. This multi-faceted mode of action, attacking the pathogen from outside and inside, as well as 

enlisting host immunity, underlies why AMPs can kill even pathogens that are resistant to multiple 

drugs [11]. 

Certain AMPs can avoid or survive membrane translocation and then bind intracellular 

components. For instance, some proline-rich AMPs inhibit chaperone or protease functions inside 

bacteria, while others bind DNA or rRNA, halting replication and translation [32]. 

Beyond direct microbicidal effects, AMPs (especially those in host innate immunity, like 

defensins or cathelicidins) can modulate immune responses. They may attract immune cells to the 

infection site, promote wound healing, or neutralize microbial toxins (such as lipopolysaccharide 

from Gram-negative bacteria) [41,42]. 

Due to these mechanisms, AMPs retain activity against many drug-resistant strains. Even 

pathogens like MRSA or carbapenem-resistant A. baumannii that withstand conventional antibiotics 

can be susceptible to AMPs that disrupt membranes or target conserved cellular components [11]. 

Additionally, because AMPs attack fundamental structural features (e.g., the membrane), the 

emergence of resistance is less common; a bacterium would need to extensively remodel its 

membrane composition to evade AMP action, which comes at a high fitness cost [43]. Indeed, clinical 

lipopeptide antibiotics like daptomycin and polymyxin B remain effective against many otherwise 

resistant bacteria decades after their introduction, although cases of evolved resistance (via changes 

in cell envelope charge or composition) have been documented [44,45]. Overall, the multi-pronged 

mechanism of AMPs, especially membrane disruption, provides a strong foundation to build upon 

with chemical modifications such as fatty acid conjugation, aimed at further enhancing their 

antimicrobial performance. 
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Figure 3. The main mechanisms of antimicrobial peptides' activity. 

3. Role and Rationale for Fatty Acid Conjugation to AMPs 

3.1. Improving Proteolytic Stability and Half-Life 

The concept of using fatty acids to extend peptide half-life was pioneered in drug development 

for diabetes (insulin detemir uses a C14 fatty acid to hitch onto albumin) [46] and has been applied 

to AMPs to achieve longer-lasting antimicrobial effects in vivo.  

Fatty-acylation generally increases the proteolytic stability of AMPs. By blocking the N-terminus 

(a common site for exopeptidases) and sometimes by inducing self-association or membrane binding, 

lipidation protects peptides from enzymatic degradation.  The result is often a significant increase 

in stability in serum or other biological fluids.  

Zhong et al. (2020)’s lipidated peptides (C8-C12 on an anoplin analogue) were shown to be 

highly stable against challenges like trypsin digestion, serum proteases, high salt, and extreme pH. 

The lipopeptides retained their activity in the presence of physiological salt and serum, a crucial 

attribute for systemic use [47]. 

Liao et al. (2025) directly demonstrated enhanced serum stability of their fatty-acylated peptide 

B1 analogues. In practical terms, this means a lipidated AMP can persist longer in the bloodstream 

or at infection sites, maintaining its antimicrobial action over extended periods relative to the 

unmodified peptide [48]. 

A lipidated peptide may bind to serum proteins such as albumin. this not only prolongs 

circulation time but also reduces renal clearance. In 1990, the idea of peptide derivatization with a 

fatty acid was presented in order to extend the duration of peptide drugs’ action through albumin 

binding. This multifunctional reversible binding to albumin plays a main role in the transportation 

of endogenous fatty acids, in addition to other substances such as small-molecule drug compounds 

[26]. A similar concept has been used in designing Semaglutide is a modified glucagon-like peptide-

1 (GLP-1) analogue engineered [49,50] for prolonged activity through strategic chemical 

modifications. It includes an acylation with a C18 fatty diacid attached via a spacer, which enhances 

reversible binding to serum albumin. This modification shields semaglutide from rapid enzymatic 

degradation (particularly by dipeptidyl peptidase-4) and significantly extends its half-life, enabling 

once-weekly dosing for the management of type 2 diabetes. 
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Another stability aspect is thermal and storage stability. The hydrophobic interactions 

introduced by fatty acids can sometimes stabilize the peptide’s tertiary structure or self-assembled 

state, making them less prone to unfolding [51]. Some lipopeptides have shown longer shelf-life or 

sustained activity upon storage, although this can vary. 

3.2. Enhanced Cellular Uptake and Tissue Penetration 

Fatty acid moieties can facilitate the uptake of peptides into cells or across biological barriers. 

The lipid tail may enable AMPs to traverse bacterial envelopes more easily or even penetrate host 

cell membranes if targeting intracellular infections [47]. There is also evidence that certain fatty acid 

transport mechanisms can ferry fatty-acylated molecules across barriers; for instance, fatty acid-

modified nanocarriers can exploit intestinal fatty acid transporters to improve oral absorption. In 

essence, a fatty acid can act as a Trojan horse lipidic handle, taking advantage of the body’s normal 

lipid transport pathways [52]. Incorporating a medium-chain fatty acid into an AMP was shown to 

facilitate its translocation across the gut epithelium in this context [53]. Figure 4 illustrates the effect 

of fatty acid conjugation on crossing cell membranes. 

Linear peptides composed of more than seven arginine residues were reported to enhance drug 

delivery in addition to maintaining the ability of cell penetration. The combination of acylation by 

long-chain fatty acids and cyclization on short arginine-containing peptides showed improvement in 

their ability of cell-penetrating property, probably through effective interaction between rigid, 

positively charged R and hydrophobic dodecanoyl moiety with the corresponding residues located 

in the cell membrane phospholipids [54]. 

 

Figure 4. Effect of fatty acid conjugation on bacterial cell membrane passage. A: Conjugated fatty acids increase 

binding and facilitate entry to cells. B: FAMP remains on the phospholipid bilayer, causing disintegration. 

3.3. Increasing Membrane Affinity and Potency 

In most cases, adding a fatty acyl chain to an AMP significantly boosts its antimicrobial potency. 

Many lipidated peptides show lower MIC values and broader spectra compared to their parent 

(unmodified) peptides. Attachment of hydrophobic fatty acids to the N/C terminal or lysine residues 

of the AMPs through lipidation can improve their antimicrobial activity, such as daptomycin, colistin, 

and polymyxin B (Figure 1). The improvement in antimicrobial activity could be via enhanced 

interaction with cell membranes and increased proteolytic stability of the AMP [55]. The fatty acid 

acts as a lipid anchor, promoting insertion into the lipid bilayer of pathogens and thereby enhancing 

membrane disruption. Even a relatively short acyl chain can dramatically improve a peptide’s ability 

to partition into the membrane interface. This often translates to lower minimum inhibitory 
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concentrations (MICs) and broader spectra of activity [56]. Polymyxin’s N-terminal fatty acid is 

essential for its potent membrane activity. Likewise, synthetic lipidated analogues of AMPs 

frequently show improved bactericidal potency compared to their non-lipidated counterparts. 

The electrostatic interaction between AMPs and the anionic bacterial membrane surface allows 

the insertion of the hydrophobic portion of the fatty acid conjugates into the phospholipid layer, 

which explains the increased production of membrane disruption through conjugating with various 

lengths of fatty acid chains, because of the enhanced hydrophobicity of the peptides [57,58]. 

Liao et al. (2025) modified a 16-residue cationic peptide “B1” by attaching a hexanoic (C6) or 

octanoic (C8) acid to its N-terminus. The introduction of fatty acid chains into the naturally derived 

antimicrobial peptide B1 VKRFKKFFRKLKKSV-NH2 to B1-C6 (C5H11CO-VKRFKKFFRKLKKSV-

NH2) and B1-C8 (C7H15CO-VKRFKKFFRKLKKSV-NH2) demonstrated their significant enhancement 

in antimicrobial activities against S. aureus and K. pneumoniae, with representative improved stability 

and biocompatibility. There were lower MIC values of B1-C6 and B1-C8 to four-fold against S. aureus 

and reached 4 μM from >32 μM against K. pneumoniae [48]. 

Avrahami and Shai (2002) demonstrated that linking lipophilic (fatty) acids to the N-terminal of 

magainin-2 analogue GIGKFLHSAKKWGKAFVGEIMNS-NH2 endows it with antifungal activity, an 

effect achieved without altering the peptide’s amino-acid sequence [59]. The conjugations brought 

about well-defined shifts in hydrophobicity, secondary structure, and self-association behavior. At 

physiological concentrations, the nature of the attached fatty chain determined the peptide’s 

structural outcome and proteolytic stability: Heptanoic acid produced a monomeric unordered 

structure. Undecanoic acid led to concentration-dependent oligomerization into α-helices. Palmitic 

acid yielded α-helical monomers, whose structure remained independent of peptide concentration 

and exhibited resistance to proteolysis. This modulation of hydrophobicity and assembly dynamics 

translated directly into antifungal potency. The undecanoic acid (C11) conjugate of the magainin 2 

analogue lowered the MIC against C. neoformans from 25 µM in maganinin-2 from 25 to 3.1 µM. 

Palmitic acid (C16) conjugation also markedly enhanced antifungal activity against C. neoformans 

(MIC = 1.6 µM) but was less effective than C11 against C. albicans and A. fumigatus, while the shorter 

heptanoic acid (C7) chain produced only a modest improvement. These activity differences 

correlated with distinct structural effects where the C7 derivative adopted an unordered monomeric 

conformation, C11 induced concentration-dependent oligomeric α-helices, and C16 yielded 

concentration-independent monomeric α-helices. 

The conjugation of undecanoic acid (UA) or palmitic acid (PA) to otherwise inactive 

diastereomers of magainin, specifically [D]-4-magainin, a magainin-2 analogue containing four D-

amino acid substitutions ([D]-L6, [D]-K10, [D]-F16, [D]-E19, sequence: 

GIGKFlHSAkKWGKAfVGeIMNS-NH2) (lowercase letters = D-amino acids), also led to significant 

antimicrobial activation. In addition, they modified a short, weakly active diastereomeric lytic 

peptide composed of lysine and leucine, [D]-K₅L₇ (sequence: KKllKLLlKlLK-NH2, where lowercase 

L = D-leucine at positions 3, 4, 8, and 10. All resulting lipopeptides displayed potent activity against 

C. neoformans and various bacteria. The most potent derivative, [D]-K₅L₇-UA, exhibited broad-

spectrum activity against E. coli, S. aureus, C albicans, and C. neoformans, with MIC values in the low 

micromolar range (1.5-6.2 μM for bacteria and yeast. The peptides also disrupted model membranes 

mimicking bacterial lipids (phosphatidylethanol (PE)/phosphatidylglycerol (PG)) and fungal lipids 

(phosphatidylcholine (PC)/PE/phosphatidylinositol (PI)/ergosterol), confirming that the fatty acid 

moiety enhanced peptide-membrane interactions, oligomerization, and insertion [60]. 

Aliphatic acids with different lengths (10, 12, 14, or 16 carbon atoms) attached to the N-terminus 

of a biologically inactive cationic peptide [D]-L6K6 resulted in active lipopeptides with lytic activity 

against bacterial and fungal cells. [D]-L6K6-decanoic acid showed activity against S. aureus 

(ATCC6538P), P. aeruginosa (ATCC 27853), and E. coli (ATCC 35218) with MIC values 6.25, 12.5, and 

12.5 µM, respectively. [D]-L6K6-myristic acid and [D]-L6K6-palmitic acid were active against C. 

albicans (ATCC 10231), C. neoformans (ATCC 26430), and A. fumigatus (ATCC MY A-422) with MIC 
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values 1.26, 0.78, and 1.56 µM [61] while [D]-L6K6 exhibited MIC values of >50 µg/mL in all bacterial 

and fungal strains.  

The enhancement in activity is often dramatic for Gram-positive bacteria. A classic example is 

the peptide SC4 (KLFKRHLKWKII), a 12-mer helix-forming AMP. Lockwood et al. (2004) conjugated 

dodecanoic (C12) and octadecanoic (C18) fatty acids to the N-terminus of SC4, creating peptide-

amphiphiles. The conjugation of dodecyl and octadecyl fatty acids to the N-terminus of the potent 

bactericidal, helix-forming peptide 12-mer SC4 resulted in a 30-fold increase in the bactericidal 

activity against Gram-positive strains (S. aureus, Streptococcus pyogenes, and Bacillus anthracis), 

including resistant strains of S. aureus when the resultant SC4 peptide-amphiphile molecules were 

tested. On the other hand, SC4 peptide-amphiphiles exhibited slight or no rise in bactericidal activity 

against the Gram-negative bacteria (E. coli and P. aeruginosa). These lipo-SC4 analogues also 

neutralized endotoxic lipopolysaccharide (LPS) from Gram-negative bacteria 3–6 fold more 

effectively. These effects reflected the advantages of the conjugated fatty acid chain to the SC4 peptide 

in the enhancement of membrane interactions, stabilization of helical structure in the membrane-

bound state, and an increase in the bactericidal potency. Their activity against Gram-negative E. coli 

and P. aeruginosa was not significantly improved [62]. 

This highlights a pattern noted in several other studies. While lipidation boosts Gram-positive 

activity (due to easier penetration of the single membrane), Gram-negative efficacy can be limited by 

the outer membrane acting as a permeability barrier to overly hydrophobic compounds [63]. Some 

lipopeptides may aggregate or get sequestered by LPS in the outer membrane, reducing their ability 

to reach the inner membrane target in Gram-negative bacteria. To address this, either moderate chain 

lengths or cyclic/branched architectures (as in polymyxins) can be considered for Gram-negative 

activity. Nonetheless, by careful design, lipopeptides can achieve broad-spectrum action. 

For instance, Zhong et al. (2020) created a series of anoplin analogues (GLLKRIKTLL-NH₂) with 

fatty acids of 8–12 carbons and observed potent activity against a range of multidrug-resistant 

bacteria. Synthetic peptides with conjugation of various lengths of fatty acid chains onto the side 

chain of the position 4 or 7 D-amino acid of Ano-D4,7 (analogue of anoplin with D-amino acid 

substitutions at positions 4 and 7 with D-lysine (k) instead of L-lysine (K)) showed excellent 

antimicrobial activity against a range of bacteria, especially multidrug-resistant bacteria. Peptides 

conjugated with fatty acid chains ranging from 8 to 12 carbons in length offered desirable selective 

antimicrobial activity in addition to anti-biofilm activity. Furthermore, the high stability to trypsin, 

serum, salts, and different pH environments, in addition to low tendency for bacterial resistance 

development, are the main advantages of those peptides. Ano-D4,7–4C12 (GLLk(C12)RIkTLL-NH2) 

showed activity with an MIC value of 4 μM against E. coli and P aeruginosa, and antimicrobial potency 

against other multidrug-resistant strains [47].  

Several studies on previously weak or narrow-spectrum peptides demonstrate that lipidation 

can activate them. Avrahami and Shai showed that conjugating a C11 (undecanoic) or C16 (palmitic) 

acid to otherwise inactive diastereomeric peptides (including a magainin analogue with D-amino 

acids and a short Lys-Leu peptide) bestowed potent antibacterial and antifungal activities. 

Lipopeptides were derivatives of positively charged peptides comprising D- and L-amino acids 

(diastereomers), palmitoylated (PA) at their N terminus. The sequence K(4)-X(7)-W, where X 

designates Gly (G), Ala (A), Val (V), or Leu (L)(designated D-X peptides). The data revealed that 

palmitoyl–KKKKGGGGGGGW (D-form) (PA-D-G) and palmitoyl–KKKKAAAAAAAAW (D-form) 

(PA-D-A) exhibited strong antibacterial and antifungal activity despite their unmodified parent 

peptides (KKKKGGGGGGGW (D-form stereochemistry (D-G) and KKKKAAAAAAAAW (D-form 

stereochemistry) (D-A)) being essentially inactive (MIC > 100 µM) against S. aureus, B. Subtilis, P. 

aeruginosa, A. baumannii, and E. coli. Specifically, PA-D-G displayed MIC values of 12.5, 3.12, 6.25, 25, 

and 25 µM, respectively, against these bacterial strains, while PA-D-A showed MIC values of 12.5, 

3.12, 6.25, 6.25, and 6.25 µM, respectively. The enhanced potency was attributed to increased cell 

membrane permeability and differences in oligomeric state and membrane insertion dynamics 

between variants [64]. 
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Similarly, a fragment of human lactoferrin corresponding to residues 21–31 (LF12: 

FQWQRNIRKVR-homoserine lactone), which on its own exhibited only weak antibacterial activity 

(MICs of 40–200 µM against E. coli and 200–>600 µM against S. aureus), became dramatically more 

potent upon N-terminal acylation. Conjugation with a 12-carbon chain (LF12-C12) yielded the highest 

antibacterial potency, reducing MICs to 0.3–4 µM against E. coli and 8 µM against S. aureus in solution 

assays, representing 50- to 78-fold enhancements over the parent peptide. This derivative also 

showed a 14-fold increase in lipid A-binding affinity (Kd = 1.5 µM) and the strongest LPS-neutralizing 

capacity (ENC₅₀ = 2.43 μM), approaching the activity of polymyxin B. Activity declined for both 

shorter and longer acyl chains, establishing C12 as the optimal length for balancing hydrophobicity, 

antibacterial potency, and LPS-binding strength [65]. 

The multifunctional bovine lactoferricin (LfcinB) derivatives Lfcin4 

(FKAWRWAWRWKKLAAPS) and Lfcin5 (FKAFRWAWRWKKLAAPS) were modified by 

conjugating the unsaturated fatty acid linoleic acid (18:2) to their N-terminus and further acylating 

their C-terminus. The resulting peptides of Lin-Lf4NH2 and Lin-Lf5NH2 displayed improved 

antibacterial activity, with MICs of 3.27 to 6.64 μM when compared to their parent peptides, with 

MICs of 1.83 to 59.57 μM against Staphylococcus hyicus. In a mouse skin infection model with S. hyicus, 

topical application of Lin-Lf4NH₂ and Lin-Lf5NH₂ significantly alleviated abscess symptoms. The 

abscess recovery rates for Lin-Lf4NH₂ (73.25%) and Lin-Lf5NH₂ (71.71%) were 38.8-fold and 37.9-fold 

higher, respectively, than in the untreated control group (1.89%), and were superior to those of 

Lf4NH₂ (46.87%) and Lf5NH₂ (58.75%) [66].  

Mechanistically, the enhanced killing activity of lipidated peptides is linked to their ability to 

adopt an active α-helical conformation upon membrane interaction, thereby disrupting microbial 

membranes. For example, Mak et al. (2003) modified a synthetic peptide corresponding to residues 

117–136 of human lysosomal cathepsin G (CG 117–136) by covalently attaching saturated, linear fatty 

acids to either its N- or C-terminus. Fatty acids with chain lengths of C8, C10, and C12 significantly 

increased bactericidal activity. The improved potency correlated with the peptide’s ability to form an 

α-helical structure in a membrane-like environment and to disrupt liposomal membranes. The fatty 

acyl moiety facilitated proper folding upon membrane contact, promoted membrane partitioning, 

and enhanced disruption of the bacterial cytoplasmic membrane. The MIC values of CG 117-136 and 

C-12-CG117-136 against two strains of S. aureus were decreased from ˃500 to 31.25 and 15.6 µg/ml, 

respectively, and from 500 to 7.8 µg/ml against Neisseria gonorrhoeae strain and 31.25 to 7.8 mg/l 

against P. aeruginosa [67]. 

In another study, Chu-Kung et al. (2004) demonstrated that lipidating antimicrobial peptides 

with lauric acid (C₁₂) can markedly improve their activity. Two peptides were tested: AKK 

(YGAA[KKAAKAA]₂) and SC4 (KLFKRHLKWKII). Conjugation of lauric acid to the N-terminus of 

these peptides resulted in substantial increases in antimicrobial potency compared to the 

unconjugated forms. For AKK, lipidation not only lowered the MIC from > 100 μM to approximately 

6.25 μM but also significantly increased α-helicity in membrane-mimicking environments, a 

structural change that likely facilitated stronger interactions with lipid bilayers and enhanced 

membrane disruption. For SC4, lauric acid conjugation reduced the MIC from > 100 μM to about 3.1 

μM, yielding potent activity without major structural alteration in α-helicity [68].  

A dermaseptin derivative ALWKTLLKKVLKACONH₂ was systematically modified by 

increasing the length of its N-terminal acyl chain while stabilizing its α-helical structure. As the acyl 

chain lengthened, Gram-positive activity against S. aureus showed a gradual decline, intermediate 

chain lengths caused partial loss of activity, while longer chains resulted in a more pronounced 

reduction. Against E. coli, however, activity was reduced across all acylated derivatives. The parent 

peptide ALWKTLLKKVLKACONH₂ exhibited MIC values of 9 ± 3 μM against S. aureus and 4.5 ± 1.5 

μM against E. coli. Acylation with different chain lengths altered these activities in distinct ways: C8-

P (octanoyl) increased potency against S. aureus to 1.5 μM but reduced activity against E. coli to 6.25 

μM. C10-P (decanoyl) yielded MIC values of 3.12 μM for S. aureus and 12.5 μM for E. coli [69]. 
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Wakabayashi, Matsumoto et al. (1999) designed N-acylated and D-enantiomer derivatives based 

on a short antimicrobial motif from bovine lactoferricin B. From this, they derived the core active 

fragment RWQWRMKK. In CH3(CH2)8CO-D-(RRWQWRMKK)-NH2 (Acyl-10-D-(4–12)-NH₂), this D-

peptide was N-terminally modified with a 10-carbon fatty acid chain (decanoyl) and C-terminally 

amidated to improve stability and activity. he lipidated D-form showed markedly improved 

antimicrobial potency, with MIC values (μg/ml) of 3 (E. coli), 6 (P. aeruginosa), 3 (S. aureus), 12 (C. 

albicans), and 6 (Trichophyton mentagrophytes), compared to the full-length lactoferricin B, which had 

MICs of 6, 12, 12, 25, and 25 μg/ml, respectively. These results demonstrate that N-acylation with a 

C10 fatty acid, combined with D-amino acid substitution, significantly enhanced activity against 

Gram-negative bacteria, Gram-positive bacteria, and fungi [70]. 

Chu-Kung, Nguyen et al. (2010) demonstrated that conjugating fatty acids to the amphipathic 

peptide YGAAKKAAKAAKKAAKAA markedly enhanced its antimicrobial potency. Attachment of 

lauric acid (C12) significantly improved activity against both Gram-negative (E. coli DH5α and ML-

35) and Gram-positive (Staphylococcus epidermidis) bacteria. Conjugation with myristic acid (C14) 

further enhanced efficacy, reducing the minimum bactericidal concentration (MBC) from >65 μM 

(unmodified peptide) to 4 μM for E. coli DH5α, 5 μM for E. coli ML-35, and 26 ± 2.5 μM for S. 

epidermidis. This enhanced activity was attributed to the increased affinity of the lipidated peptides 

for lipid membranes, achieved through strengthened hydrophobic interactions imparted by the fatty 

acid moiety. These stronger membrane interactions likely promoted peptide insertion, destabilization 

of the bilayer, and subsequent bacterial killing [71].  

In another study, Li et al. (2023) investigated fatty acid modifications of the antifungal peptide 

CGA-N9 (RILSILRH) and found that conjugation with n-octanoic acid (C8) produced the most potent 

analogue (Figure 5). This derivative, CGA-N9-C8, exhibited a minimum inhibitory concentration 

(MIC) of 7.8 ± 0.03 µg/mL against C. albicans, compared to 246.4 ± 2.3 µg/mL for the unmodified 

peptide. In addition to its greatly improved planktonic antifungal activity, CGA-N9-C8 showed the 

strongest capacity among all tested chain lengths to inhibit biofilm formation and eradicate mature 

biofilms. It also demonstrated high stability against protease hydrolysis in serum [72]. 

 

Figure 5. Chemical structures of CGA-N9 and CGA-N9-C8. 

These examples illustrate that lipidation can turn marginal peptides into effective antimicrobials, 

often expanding their target range to include fungi and yeast in addition to bacteria.  

3.4. Increasing Selectivity and Reducing Toxicity 

A crucial goal in AMP design is to maximize bacterial cell toxicity while minimizing harm to 

host (human) cells. Modulating selectivity is a multifaceted aspect of fatty acid conjugation. On one 
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hand, increasing a peptide’s hydrophobicity tends to increase its activity against bacteria, but it can 

also raise its propensity to interact with and disrupt mammalian cell membranes (causing cytotoxicity 

or hemolysis). Thus, there is an optimal window of hydrophobicity for selective antimicrobial action 

[73]. 

Many studies report that medium-length fatty acids confer the best selectivity. For example, the 

anoplin analogues with C8–C12 chains [47] were described above as having desirable selective 

antimicrobial activity, meaning they were strongly antibacterial yet had relatively low toxicity 

toward mammalian cells. In contrast, peptides with longer acyl chains sometimes showed a loss of 

activity or selectivity.  

Radzishevsky et al. (2005) systematically varied acyl chain length on a dermaseptin peptide and 

found that while intermediate chain lengths (around C10–C12) were optimal for killing S. aureus, 

longer chains (C16 and above) caused the peptide to aggregate and resulted in a total loss of activity 

against that bacterium [69]. Moreover, all acyl derivatives in that study lost activity against E. coli, 

likely due to aggregation and possibly increased self-association that prevented effective membrane 

interaction. Such aggregation could also translate to a higher tendency to stick to serum components 

or to cell membranes nonspecifically, which can increase cytotoxic side effects. 

The lesson is that excess hydrophobicity can be counterproductive, promoting self-assembly of 

peptides in solution (forming inert aggregates) and increasing nonspecific binding to eukaryotic 

membranes [73]. Indeed, one report noted that overly hydrophobic lipopeptides showed reduced 

potency precisely because they aggregated; the investigators were able to restore potency by using 

unsaturated fatty acids that made the aggregates less stable and allowed the lipopeptides to 

disaggregate in the presence of bacteria [73]. This clever tweak (using, e.g., oleoyl vs stearoyl chains) 

improved the therapeutic index of those lipopeptides. 

Several lipidated AMPs have shown excellent safety profiles in both in vitro and in vivo studies. 

Posa et al. (2023) designed truncated analogues of battacin, an antimicrobial lipopeptide produced 

by Paenibacillus species, by introducing novel N-terminal fatty acid moieties. The parent lipopeptide 

battacin (Figure 6), structurally related to polymyxins (Figure 1), contains 2,4-diaminobutyric acid 

(Dab) residues and a long-chain fatty acid at its N-terminus. In acute toxicity tests in mice, battacin 

displayed an LD₅₀ value 2.3-fold higher than that of polymyxin B, indicating lower acute toxicity. 

These truncated, non-cyclic battacin analogues retained potent antibacterial activity comparable to 

polymyxin B while exhibiting significantly reduced toxicity. This demonstrates that simplified, linear 

lipopeptide structures can preserve the antimicrobial potency of more complex cyclic peptides while 

improving their safety profile [74]. 
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Figure 6. Chemical structure of Battacin and truncated Battacin analogue. 

Likewise, Li et al. (2023)’s octanoylated CGA-N9 peptide achieved the optimal balance of 

potency and biosafety, outperforming other chain lengths in killing fungi while being the least 

hemolytic to human cells. Moderate chain lengths like C8 in that case were key to high selectivity 

[72]. 

We should note that some FAMPs can still be quite harsh on mammalian cells if the 

hydrophobicity is too great or if the peptide inherently has some toxicity. Hemolysis (lysis of red 

blood cells) is a common measure of AMP cytotoxicity. many lipopeptides show a threshold 

concentration above which hemolysis sharply increases. For instance, lauroyl and myristoyl 

analogues of certain peptides were found to have acceptable hemolysis at their active concentrations, 

whereas palmitoyl analogues caused unacceptable hemolysis, aligning with the idea that C12–C14 

might be a “sweet spot” for selectivity [69].  

The inclusion of D-amino acids in the peptide (making them less recognizable to proteases) in 

combination with fatty acids has also been used to improve stability without raising toxicity; D-amino 

acids sometimes reduce recognition by host receptors, possibly mitigating unwanted immunogenic 

responses [47]. 

In summary, fatty acid conjugation generally enhances antimicrobial efficacy and stability of 

AMPs. However, achieving optimal selectivity requires tuning the fatty acid properties. With careful 

design (appropriate chain length, saturation, and attachment position), one can greatly improve the 

therapeutic index of AMPs: killing microbes more effectively while keeping host cell toxicity low. 

Table 1 provides a summary of selected studies that exemplify these effects, highlighting the peptide 

in question, the fatty acid used, method of conjugation, target organisms, and outcomes on activity 

and safety.  
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Table 1. Selected examples of FAMPs from recent studies (last ~10 years, with some landmark older studies). 

Each entry details the peptide, the fatty acid attached, conjugation strategy, target pathogens, observed effects 

on activity, and stability. 

Antimicrobial 

Peptide 

(origin/description) 

Fatty Acid 

Conjugated 

Conjugation 

Method 

Target 

Organisms 

Effects on Activity & 

Stability 
Reference 

B1 peptide (16-

residue cationic AMP) 

Hexanoic 

(C6) and 

Octanoic 

(C8) acids 

N-terminal 

acylation 

(amide bond) 

S. aureus, K. 

pneumoniae 

(Gram+ and 

Gram–) 

Significantly 

enhanced 

antimicrobial 

activity; improved 

serum stability and 

biocompatibility 

compared to parent 

peptide. 

[48] 

CGA-N9 (9-aa 

fragment of 

Chromogranin A) 

Octanoic 

acid (C8) 

N-terminal 

acylation 

(solid-phase 

synthesis) 

C. albicans 

(yeast; 

planktonic 

and biofilm) 

Optimal anti-

Candida efficacy; 

highest biofilm 

inhibition and 

eradication; strong 

stability against 

proteolysis; excellent 

biosafety profile. 

[72] 

Lfcin4 & Lfcin5 (16-aa 

bovine lactoferricin 

derivatives) 

Linoleic acid 

(C18:2, 

unsaturated) 

at N-

terminus (C-

terminal 

amidation) 

N-terminal 

acylation + C-

terminal NH2 

S. hyicus 

(Gram+; pig 

pathogen) in 

an infected 

mouse model 

Improved 

antibacterial activity 

(MIC 3–6 μM vs up 

to 60 μM in parent 

peptides); in vivo 

efficacy with 

membrane 

disruption and 

leakage in bacteria; 

extended duration of 

action. 

[66] 

Anoplin analogue 

(Ano-D4,7) (10-aa 

peptide with D-lys at 

positions 4,7) 

C8–C12 

saturated 

fatty acids 

(e.g., 

octanoic, 

decanoic, 

lauric) on the 

side chain 

Side-chain 

acylation on D-

amino acid (via 

amide bond) 

Multiple 

MDR bacteria 

(e.g., drug-

resistant E. 

coli, S. 

aureus); also 

tested against 

biofilms 

Excellent broad-

spectrum 

antimicrobial 

activity, especially 

against MDR strains; 

fatty chain length 8-

12 gave the best 

results: potent 

antibacterial and 

anti-biofilm effects, 

high salt/serum 

stability, and low 

propensity for 

resistance 

development. 

[47] 

Truncated Battacin 

analogue (cyclic 

lipopeptide antibiotic 

derivative, linear 

form) 

Novel fatty 

acids 

(modified 

long-chain 

N-terminal 

acylation (on 

linear peptide, 

replacing cyclic 

lipidated core) 

S. aureus 

(including 

MRSA); 

Gram-

negative 

Maintained or 

improved broad 

antibacterial activity 

(comparable to 

polymyxin/battacin); 

[74] 
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lipids) at the 

N-terminus 

bacteria (E. 

coli, P. 

aeruginosa, 

etc.) 

significantly 

improved safety, e.g., 

~2.3-fold higher LD50 

in mice vs polymyxin 

B. Effective against 

MRSA and showed 

an excellent safety 

profile (low host cell 

toxicity). 

Magainin analogue & 

[D]-K5L7 (inactive 

short peptides) 

Undecanoic 

(C11) and 

Palmitic 

(C16) acids 

N-terminal 

acylation 

(amide) 

Gram+ 

bacteria, 

Gram– 

bacteria, 

yeast/fungi 

(C. 

neoformans, 

Candida) 

Inactive peptides 

became highly 

potent: broad-

spectrum 

antibacterial and 

antifungal activity 

was achieved. 

Lipopeptides caused 

increased membrane 

permeability in 

bacterial and fungal 

model membranes. 

Optimal chain 

(~C11–C12) 

maximized activity. 

[60] 

Lactoferricin B core 

(9-mer) 

RRWQWRMKK 

N-acyl 

groups 

(various 

lengths) and 

D-amino 

acid 

substitution 

N-terminal 

acylation; D-

enantiomer 

analogues 

E. coli, P. 

aeruginosa, S. 

aureus; C. 

albicans, 

Trichophyton 

(fungi) 

N-acylated and/or D-

form peptides 

showed improved 

antimicrobial activity 

across bacteria and 

fungi compared to 

the native peptide. 

Demonstrated one of 

the earliest proofs 

that fatty-acylation 

enhances AMP 

efficacy against 

diverse microbes. 

[70] 

MDR, multidrug-resistant; MIC, minimum inhibitory concentration; LD50 – median lethal dose; NH2 – C-

terminal amide. 

4. Applications in Drug Delivery, Biofilms, and Resistant Strains 

Beyond general improvements in activity and stability, FAMPs have enabled specific 

applications and advantages in challenging contexts such as drug delivery across barriers, 

eradication of biofilms, and tackling infections by highly resistant organisms. 

4.1. Enhanced Drug Delivery and Pharmacokinetics 

Lipidation can modify the pharmacological profile of AMPs, allowing novel routes of 

administration or better tissue targeting. One application is oral delivery. Normally, peptide drugs 

are poorly absorbed in the gastrointestinal tract due to their polar nature and enzymatic degradation. 

However, FAMPs may be absorbed via mechanisms akin to dietary lipids [75].  

Huang et al. (2024) showed that fatty acid-modified liposomes could encapsulate bioactive 

peptides and improve their stability and absorption via intestinal fatty acid transport pathways. This 
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concept suggests that an orally administered lipopeptide might hitch a ride through enterocytes, 

potentially reaching systemic circulation. While clinical translation is yet to be realized, the prospect 

of oral AMP formulations is on the horizon [27]. 

Additionally, the strong binding of many lipopeptides to serum albumin can be leveraged for 

extended release. Once bound to albumin, a FAMPcan circulate longer and act as a reservoir that 

slowly releases the active peptide to tissues [26,29]. This is advantageous for maintaining therapeutic 

levels over time from a single dose (reducing dosing frequency). Moreover, albumin-bound 

lipopeptides might preferentially accumulate in infection sites where albumin tends to extravasate 

(e.g., inflamed tissues), thereby delivering the peptide where it's most needed. 

Lipidation also enables self-assembly [73] into nanoparticles or micelles, which can be useful in 

drug delivery. Some FAMPs spontaneously form micellar or vesicular structures in aqueous 

environments at sufficient concentrations. These nano-aggregates can potentially carry hydrophobic 

drugs or imaging agents, functioning as dual-action antimicrobial nanocarriers. Although this is 

currently a subject of interest, one could envision a lipopeptide that not only attacks bacteria but also 

delivers a co-encapsulated antibiotic or adjuvant directly to a biofilm or infection site. 

4.2. Anti-Biofilm Activity 

Bacterial biofilms, communities of bacteria embedded in a protective extracellular matrix, are 

notoriously resistant to antibiotics and immune clearance [76]. AMPs are known for their ability to 

penetrate and disrupt biofilms [77], and fatty-acylation can further enhance this property. The 

hydrophobic tail may help lipopeptides to insert into the dense biofilm matrix and reach deeply 

embedded bacteria. For example, the octanoylated CGA-N9 peptide [72] discussed earlier was not 

only potent against C. albicans planktonic cells but also showed the highest efficacy in preventing 

biofilm formation and in eradicating pre-formed biofilms among the tested analogues. Its fatty acid 

likely aided in breaching the polysaccharide-rich biofilm layers of Candida. Likewise, Zhong et al. 

(2020) [47] reported that their C8–C12 lipopeptides had significant antibiofilm activity against P. 

aeruginosa, a pathogen known for robust biofilm-based resistance. 

Natural lipopeptides, like daptomycin, are already used against biofilm-associated infections 

(e.g., endocarditis caused by biofilm-forming staphylococci). New FAMPs could be employed as 

surface-coating agents on medical devices to prevent biofilm formation [78], or as therapeutics to 

disperse established biofilms [79] on implants or tissues. Because lipopeptides can both kill bacteria 

and perturb biofilm matrix (due to their surfactant-like properties), they are attractive candidates for 

such roles. Additionally, some lipopeptides can interfere with quorum sensing in biofilms, indirectly 

inhibiting biofilm development (this has been observed with certain cyclic lipopeptides from Bacillus 

species) [80]. 

4.3. Combating Resistant Strains 

The impetus for AMP development is strongest in the context of drug-resistant bacteria. FAMPs 

have shown efficacy against a spectrum of resistant pathogens: MRSA, vancomycin-resistant 

enterococci (VRE), carbapenem-resistant Gram-negatives, and others. For instance, the lauric acid-

conjugated peptide AKK from Chu-Kung’s study [68] was active against E. coli strains and S. 

epidermidis that are often resistant to multiple drugs. The SC4 lipopeptide was active against MRSA 

and even B. anthracis, which is a potential biothreat organism. Some designed lipopeptides, like those 

discussed by Avrahami & Shai [60,64] were able to kill not only bacteria but also opportunistic fungi, 

highlighting their utility against organisms (like Candida or Aspergillus) that cause infections in 

immunocompromised or hospitalized patients. 

Another interesting angle is resistance modulation. Bacteria exposed long-term to sublethal 

levels of lipopeptides might adapt by altering their membrane fatty acid composition. A recent study 

by Rasković et al. (2025) [81] found that growing S. aureus in the presence of oleic acid (C18:1) led to 

changes in the bacterial membrane glycolipid fatty acid profile and increased resistance to AMPs. 

This suggests that bacteria can sometimes respond to external fatty acids by stiffening or changing 
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their membranes to become less susceptible. While this is a potential concern, it also provides insight 

that the interplay between bacterial membrane adaptation and lipopeptide structure is complex. 

Using unsaturated fatty acids in FAMPs [81] might make it harder for bacteria to develop resistance, 

or combination therapies could be used to prevent such adaptation. 

In practical terms, FAMPs are being explored for treating infections where conventional 

antibiotics fail. For example, polymyxin-resistant P. aeruginosa (which has modifications in LPS that 

reduce polymyxin binding) might still be targeted by a different FAMP that circumvents that 

mechanism [82]. Some lipopeptides also synergize with conventional antibiotics. By disrupting the 

membrane, they can increase antibiotic uptake. There is ongoing research into conjugates that link an 

AMP with an antibiotic (sometimes through a fatty spacer) to get a dual-function molecule [83,84]. 

4.4. Topical and Targeted Applications 

Many FAMPs are particularly well-suited for topical use (skin infections, wound coatings, etc.) 

because the added hydrophobicity helps them persist at the site of application. Liu et al. (2021) [66] 

demonstrated that a linoleoyl-lactoferricin analogue could effectively treat a Staph. hyicus skin 

infection in mice. Its lipid tail likely helped it partition into skin layers and resist being washed away, 

providing sustained local antimicrobial activity. 

In a hospital context, there is a potential that lipopeptide formulations could be used for 

decolonization of MRSA [85] (e.g., nasal swabs), as they might be more potent and longer-lasting 

than non-lipidated counterparts. 

Another emerging application is using lipopeptides in nanoparticle drug delivery systems [86]. 

A FAMP can be anchored on the surface of a nanoparticle (liposome, niosome, polymeric 

nanoparticle) to serve as a targeting ligand that directs the nanoparticle to bacteria. The fatty acid 

part can insert into the lipid bilayer of a liposomal nanoparticle, effectively decorating it with AMPs 

that then target and disrupt bacterial cells upon contact. This approach can combine the advantages 

of both nanomedicine (protection and co-delivery of drugs) and the active targeting/killing ability of 

AMPs [87]. 

Fatty acid conjugation broadens the applicability of AMPs in several domains. It enables 

improved delivery (longer circulation, potential oral uptake, self-assembly into delivery vehicles), 

empowers AMPs against biofilms (through enhanced penetration and disruption of matrices), and 

reinforces the fight against resistant pathogens (by boosting potency and sometimes evading known 

resistance mechanisms). These applications are particularly relevant as we face more chronic 

infections (like device-associated biofilms) and aggressive, resistant outbreaks where traditional 

antibiotics are impotent. 

5. Safety and Toxicity Considerations 

While fatty-acylation can enhance AMP efficacy, it is imperative to consider safety and toxicity, 

as modifications may affect how these molecules interact with host tissues. The balance between 

hydrophobicity-driven potency and potential host cell damage is a central theme in FAMP 

development. 

5.1. Hemolysis and Cytotoxicity 

A common side effect of cationic amphipathic peptides (especially when made more 

hydrophobic) is lysis of red blood cells or toxicity to mammalian cell membranes [88]. Fatty acid 

conjugation can increase this risk if the peptide becomes too membrane-active indiscriminately. Thus, 

extensive testing is required to determine the concentration at which a lipopeptide causes 

unacceptable hemolysis or kills human cell lines. A lipopeptide might have an MIC of 5 μM against 

bacteria but start causing significant hemolysis at, say, 20 μM. The goal is to design lipopeptides with 

a high therapeutic index (ratio of host toxic dose to bacterial inhibitory dose). 
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Dawgul et al reported that moderate chain lengths (C10-C12) often yield lipopeptides that 

maintain a good safety margin [89]. These molecules are hydrophobic enough to target bacterial 

membranes (which are rich in negatively charged lipids and have a high surface area-to-volume ratio) 

but not so hydrophobic that they indiscriminately disrupt the more cholesterol-rich, zwitterionic 

membranes of human cells. Additionally, the initial electrostatic attraction of cationic AMPs to 

bacteria (absent in neutral mammalian cell surfaces) provides some selectivity, a feature retained in 

FAMPs. As long as the peptide remains sufficiently cationic and does not aggregate in serum, it tends 

to preferentially bind to bacteria over erythrocytes. 

5.2. Immune Response and Allergenicity 

Fatty acids are naturally occurring moieties, so adding them to peptides typically does not 

introduce obvious immunogenic functional groups. However, any altered peptide could potentially 

be seen as foreign by the immune system. To the best of our knowledge, there have not been reports 

of strong antigenicity specifically due to fatty-acylation of AMPs, but it’s an area to monitor, 

especially for repeated therapeutic use.  

Some lipopeptides (like tripalmitoyl-S-glycerylcysteine used in vaccines) are known to be potent 

immune stimulators via Toll-like receptors [90]. Shorter lipopeptides like those in this review are less 

likely to trigger such responses, but one should be aware that lipidated peptides might interact with 

immune cells differently. On the beneficial side, certain lipopeptides can serve as self-adjuvanting 

antimicrobial agents, enhancing immune clearance of infections [91]. 

5.3. In Vivo Toxicity and Pharmacology 

The in vivo behavior of lipopeptides can differ from in vitro. A peptide that is non-toxic to 

cultured cells might still cause issues in an organism due to distribution or accumulation in certain 

organs. Polymyxin B and colistin, for example, can cause kidney toxicity at higher doses due to 

accumulation in renal tissue [92]. Structural analogues that are too hydrophobic risk similar 

outcomes. Some new FAMPs have shown improved safety in animal models. The battacin analogues 

mentioned earlier retained potent antibacterial action but with reduced kidney and overall toxicity 

compared to polymyxins [74]. By removing some positively charged residues and introducing a 

different fatty acid, the designers likely reduced non-specific binding to kidney cells and avoided the 

nephrotoxic mechanism of polymyxin (which is linked to its specific fatty acid and cyclic structure). 

This indicates that judicious modification can yield lipopeptides that are both effective and safer. 

Another safety consideration is the effect on the host’s normal flora. A very broad-spectrum, 

potent FAMP might wipe out beneficial microbiota if used systemically, similar to broad antibiotics 

[93]. While not a toxicity in the classical sense, this dysbiosis could have downstream health 

consequences. Therefore, targeted delivery (like inhalation for lung infections, topical for skin, etc.) 

might be preferred for FAMPs to limit systemic exposure. If used systemically, it may be 

advantageous if the FAMP is selectively active (for instance, some are more active on Gram-negatives 

vs Gram-positives or vice versa, which might spare certain flora). 

5.4. Bacterial Resistance to FAMPs 

From a safety perspective for long-term use, one should consider if bacteria can develop 

resistance to these FAMPs, and if so, what the implications are. While AMPs are generally considered 

less prone to resistance, prolonged sub-lethal exposure can select for resistant subpopulations. Some 

mechanisms include changes in membrane charge (e.g., S. aureus adding alanine to teichoic acids or 

E. coli modifying LPS to be less anionic) to repel cationic peptides, or upregulation of efflux pumps 

[94–96]. The presence of exogenous fatty acids might enable bacteria to modify their own membrane 

composition. The earlier noted study by Rasković et al. (2025) [81] showed S. aureus could incorporate 

oleic acid into its membrane lipids and become more rigid, thus more resistant to certain AMPs. This 

suggests that high concentrations of fatty acids in the environment (for instance, on skin or in certain 
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diets) might induce a temporary state of AMP tolerance. However, such adaptations often come at a 

fitness cost and may be reversible. 

In developing lipopeptides as drugs, researchers often perform serial passage experiments to 

see if resistance emerges. Many FAMPs require multiple, multi-step mutations for bacteria to grow 

in their presence, and often those mutants have impaired virulence or growth. This is promising, but 

it highlights the importance of using these agents at adequate doses to fully eradicate infections and 

minimize the chance of resistance development. 

5.5. Mitigating Toxicity 

A number of strategies can be used to mitigate the potential toxicity of FAMPs. As noted, 

unsaturated chains (like oleic, linoleic) can reduce peptide aggregation and possibly make the 

interaction with membranes more “fluid” and less damaging to host cells [73]. Branched lipids might 

similarly disturb bacterial membranes effectively while being less able to insert into tightly packed 

cholesterol-rich domains of animal cell membranes. 

A promising strategy to increase selectivity is to design environmentally responsive 

lipopeptides. For example, LL-37 conjugated with oleic acid formed inactive structures at 

physiological pH but transformed into active antimicrobial aggregates at acidic pH, mimicking 

infected tissue conditions [97]. 

Using FAMPs in a localized manner (inhalation for lung infections, topical gels for wound or 

skin infections, bladder instillation for urinary tract infections, etc.) can maximize the drug 

concentration at the target site while minimizing systemic exposure. This takes advantage of the 

potent action of lipopeptides and circumvents some toxicity concerns. 

If a FAMP is used in combination with a traditional antibiotic or another AMP, sometimes a 

synergistic effect is observed (like membrane disruption improving antibiotic uptake) [98]. This could 

allow using a lower dose of the FAMP, reducing toxicity risk. Combining AMPs with conventional 

antibiotics or biofilm matrix-degrading enzymes is a potential strategy to enhance efficacy [11]. 

In conclusion, safety considerations are integral when advancing FAMPs toward clinical use. 

While these molecules can be extremely potent antimicrobials, their design must strike a careful 

balance to avoid harm to the host. The encouraging news from recent studies is that through 

molecular design, altering fatty acid structure, peptide sequence, and dosing strategies, it is feasible 

to create lipopeptides with a high degree of selectivity. Ongoing research continues to refine these 

properties, bringing us closer to FAMP therapeutics that are both effective and safe. 

6. Future Perspectives 

The field of FAMPs is rapidly evolving, and several future directions hold promise for enhancing 

their therapeutic potential. Future research will delve deeper into finding the “perfect” lipid tail for 

each peptide. This includes exploring unsaturated, branched, or cyclic fatty acids as alternatives to 

linear saturated chains. As discussed, unsaturated tails can improve potency by preventing overly 

tight self-assembly [73]. Branched chains might reduce toxicity by altering how the lipid inserts into 

membranes. Even aromatic fatty acid analogues or steroidal lipids could be tried to impart unique 

properties. By systematically varying lipid chemistry, one can map structure-activity relationships 

and identify motifs that maximize bacterial killing while minimizing aggregation and toxicity. 

Different pathogens might be best targeted by different FAMP designs. For example, Gram-

negative bacteria with robust outer membranes might require either shorter or more polar fatty acids. 

On the other hand, persistent Gram-positive pathogens or mycobacteria might benefit from longer, 

more hydrophobic tails to penetrate thick cell walls or mycolic acid layers. In the future, we may see 

pathogen-specific lipopeptides, where the fatty acid and peptide are co-optimized for, say, 

Pseudomonas lung infections versus Staphylococcal skin infections. 

Another perspective is using FAMPs in combination or as part of hybrid molecules. One concept 

is an AMP-antibiotic conjugate, for instance, linking a FAMP with a conventional antibiotic in a single 

molecule. The AMP part could target the membrane and increase uptake of the attached antibiotic 
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into bacteria. There have been initial studies along these lines (e.g., a peptide tethered to a β-lactam 

antibiotic) showing potent activity [99]. Additionally, combining FAMPs with other antimicrobial 

strategies, like peptidomimetic polymers or quorum quenchers, could yield synergistic effects. 

Girdhar et al. (2024) also suggested that structural modifications (like lipidation) combined with using 

AMPs alongside traditional drugs and biofilm matrix inhibitors is a compelling future strategy [11]. 

Building on the self-assembly of FAMPs, we may see nanostructured delivery systems where 

lipopeptides form the backbone. For instance, peptide amphiphiles can form nanofibers or micelles 

that could be used to coat wounds or surgical sites, releasing AMPs over time to prevent infection. 

Hydrogels containing FAMPs might serve as wound dressings that both seal a wound and 

continuously elute antimicrobials. Inhalable aerosols of lipopeptide nanoparticles might be 

developed for respiratory infections. The fatty acid component could help nanoparticles fuse with 

bacterial membranes on contact, acting as a sort of seek-and-destroy targeting mechanism. 

Future research will also focus on understanding and circumventing any resistance mechanisms 

that bacteria employ against FAMPs. This could involve studying transcriptomic responses of 

bacteria exposed to sublethal FAMP levels to see what defenses are activated (e.g., do they alter fatty 

acid synthesis, efflux pumps, etc.). With that knowledge, next-gen FAMPs can be designed to avoid 

triggering those defenses or to counteract them. Additionally, monitoring for cross-resistance (e.g., if 

use of a FAMP induces resistance to a natural host defense peptide, or vice versa) will be important 

if these agents are to be widely used. 

On the practical side, translating FAMPs into approved therapeutics will require extensive 

toxicological evaluation and likely modifications to improve pharmaceutical properties. Many 

peptides have issues with solubility or stability in formulation, especially when hydrophobic. Efforts 

will be directed at finding formulation excipients or prodrug forms that make FAMPs more drug-

like (perhaps using salt forms, or encapsulating in liposomes to mitigate any local irritation). As some 

candidates advance to clinical trials, their performance will inform the field on what designs work in 

human medicine. The success of daptomycin and polymyxin (despite their limitations) provides a 

precedent, and newer FAMPs aim to be even safer and effective. 

A forward-looking idea is to engineer lipopeptides that have additional functionalities, such as 

immune modulation or wound-healing properties. For example, a FAMP that not only kills bacteria 

but also promotes tissue regeneration or reduces excessive inflammation could be valuable for 

infected wounds or burns. This could be achieved by conjugating sequences that have 

immunomodulatory activity together with fatty acids. The fatty acid might also help target the 

peptide to certain cell types (for instance, some immune cells uptake fatty acid-tagged molecules). 

Advances in Artificial Intelligence (AI), especially machine learning (ML) and deep learning 

(DL), are revolutionizing the discovery and optimization of AMPs, yet AI-driven FAMPs design 

remains underexplored. Although much of fatty acid optimization remains experimental, AI can be 

leveraged to predict optimal lipid characteristics (e.g., chain length, hydrophobicity, branching) that 

maximize antimicrobial potency without excessive toxicity.  

QSAR and descriptor-based models already offer insights into how fatty-acid properties (chain 

length, hydrophobicity) influence activity and toxicity [100]. Experimental datasets, such as those 

characterizing how tail length affects membrane disruption, hemolysis, or aggregation, can be used 

to train ML models that predict a “sweet spot” in lipid tail properties. Recent molecular dynamics 

studies (e.g., SNAPP variants with C6, C12, C18 chains) demonstrated a C12 sweet-spot for 

membrane disruption and stability [101]. While documented cases of AI directly choosing fatty acid 

moieties are rare, this conceptual framework is rapidly emerging as a powerful computational 

strategy. 

Generative AI platforms like AMP-Designer (foundation-model-based) [102] and AMPGen 

(diffusion-driven) [103] have recently produced novel AMPs with high validation rates, stability, and 

low toxicity in rapid design-to-validation cycles. Structure-aware ML also enhances prediction 

accuracy by addressing α-helical versus coiled conformations [104]. Collectively, these tools 

demonstrate how AI can propose peptide sequences optimized for multiple properties, potent 
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antimicrobial activity, low toxicity, and phenotypic stability, effectively accelerating design cycles 

before wet-lab synthesis. 

We propose the next frontier: integrating AI-driven sequence generation and multi-objective 

optimization with fatty-acid design. A hybrid framework could predict optimal lipid tail features 

(e.g., chain length, branching, conjugation chemistry) and AMP sequence simultaneously, balancing 

antimicrobial potency, stability, selectivity, and self-assembly behavior. Leveraging lipidation’s 

known PK and albumin-binding advantages, combined with data-driven design tools from liposomal 

ML models [105], this approach promises to streamline FAMP development from in silico design to 

preclinical validation. 

AI is also starting to influence formulation and self-assembly prediction. ML models, for 

example, have been successfully utilized in liposome manufacturing to forecast critical quality 

attributes like size and encapsulation efficiency, suggesting promising potential for future adaptation 

for FAMP delivery applications[106]. Advances in formulation and quantum ML–based structure 

prediction offer a promising pathway. Consequently, integrating ML predictions for micelle 

formation, aggregation behavior, or excipient interactions may soon become feasible, further 

bridging molecular design with practical delivery platforms. 

In summary, the future of FAMPs lies in refinement and integration. Refinement of molecular 

design will yield lipopeptides optimized for specific uses with minimal downsides. Integration refers 

to combining FAMPs into broader therapeutic regimens or multi-functional constructs. With the 

continued rise of AMR, the impetus to innovate in this area is strong. Interdisciplinary efforts 

drawing on peptide chemistry, lipid biology, pharmacology, and clinical medicine will drive the next 

wave of FAMP development. 

Conclusion 

Fatty acid conjugation has emerged as a powerful strategy to enhance the therapeutic potential 

of antimicrobial peptides. By attaching hydrophobic lipid chains to AMPs, researchers have been able 

to substantially improve antimicrobial potency, broaden the spectrum of activity, and increase the 

stability of peptides in biological environments. The acylated lipopeptide analogues leverage 

improved membrane interactions and extended half-life (often via albumin binding) to overcome 

many limitations of native peptides. As documented in numerous studies, fatty-acylation can convert 

modest peptides into potent antimicrobials, endow peptides with anti-biofilm capabilities, and retain 

efficacy against drug-resistant pathogens. 

However, successful implementation of this strategy requires careful optimization to maintain 

selectivity and safety. The design of FAMPs involves balancing hydrophobic and hydrophilic 

characteristics to achieve strong bacterial killing without significant host toxicity. Lessons from past 

research confirm the importance of choosing an appropriate fatty acid (in terms of length and 

saturation) and attachment site to reach this balance. Indeed, small changes in the lipid moiety can 

tilt the scale between an efficacious drug and a hemolytic compound. The optimization of all 

parameters is required for the production of AMP based on structure activity equation. The 

significant point in the modulation of AMPs is studying the differences in bacterial and eukaryotic 

membranes' structure, in addition to the characterization of the specific mode of action of the target 

peptide design.  

Overall, fatty acid conjugation expands the chemical space and functionality of antimicrobial 

peptides, offering a versatile platform for next-generation anti-infectives. With continued innovation, 

from fine-tuning molecular designs to developing advanced delivery methods, FAMPs are poised to 

play an important role in the antibiotic arsenal. As we face an era of increasing antimicrobial 

resistance, such engineered peptides provide a timely and adaptable solution. They are inspired by 

nature’s own lipopeptide antibiotics yet are readily customizable in the laboratory to meet modern 

clinical needs. Continued research and collaborative efforts will pave the way for translating these 

scientific advancements into safe and effective therapies, helping to secure our ability to combat 

infections in the years to come. 
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