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and synthesis of lipopeptides have been done to improve 
the therapeutic potential of lipopeptides. This review will 
present the current knowledge and the recent research in 
design and synthesis of new lipopeptides and their deriva-
tives in the last 5 years.
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Introduction

Resistance of pathogens to conventional antibiotics contin-
ues to be a global public health crisis (Cooper and Shlaes 
2011). Antibiotic resistance is widely associated with fail-
ure of clinical treatment, additional mortality and healthcare 
costs (Resch et al. 2009; Hanberger et al. 2011). Emergence 
of drug-resistant superbugs and the dearth of new classes 
of antibiotics have drawn increasing awareness that we may 
return to the pre-antibiotic era. Lipopeptides have shown 
particular efficacy in treating resistant infections (Grossman 
et al. 2015; Nkongolo et al. 2014; Luo et al. 2015; Huang 
and Yousef 2014).

Antimicrobial lipopeptides are produced non-ribosomally 
in bacteria and fungi during cultivation on various carbon 
sources (Makovitzki et al. 2006). The lipopeptides can be 
structurally characterized by a hydrophilic peptide (cyclic 
or linear form) and a hydrophobic fatty acyl chain of an 
amphiphilic nature. Most of the native lipopeptides have 
complex cyclic structures. Broadly, there are several major 
types of lipopeptides: polymyxins, daptomycin, surfactin, 
iturin and fengycin (Meena and Kanwar 2015; Patel et al. 
2015). Figure 1 shows the general structures of surfactin, 
iturin and fengycin. They can be structurally classified by 
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their combination of fatty acid, peptide moiety and the link 
between the two parts.

In contrast to cationic antimicrobial peptides, many 
lipopeptides are not broad spectrum in their activity. For 
instance, polymyxin B and daptomycin are only active 
against Gram-negative and Gram-positive bacteria, respec-
tively. In general, the lipopeptides are a very promising class 
of compounds with potent antimicrobial activities against a 
panel of pathogens, rapid time-kill and active against drug-
resistant pathogen. These properties suggest that they could 
be useful for clinical antibiotic development. For instance, 
Polymyxin B and E, daptomycin, caspofungin, micafungin 
and anidulafungin have all been developed into commercial 
drugs.

Most lipopeptides kill bacteria via perturbation of the 
bacterial cell membranes (Jerala 2007). For instance, the 
initial step of antimicrobial action is governed by the elec-
trostatic interaction between positively charged residues 
of lipopeptides and negative charged lipoteichoic acid of 
Gram-positive bacteria, and negatively charged lipopol-
ysaccharide (LPS)-lipid A complex of Gram-negative 
bacteria, respectively. Then, the large fraction of ani-
onic phospholipids in the cytoplasmic membrane further 
attracts the lipopeptide traversely into the inner membrane 
and destabilizes the membrane architecture (Epand 1997). 
In addition, the lipid moiety of these compounds provides 
lipophilicity that facilitates bacterial membrane interaction 
(Malina and Shai 2005). However, a lack of cell selectivity 
which may be translated as toxicity to mammalian cells is 
a limitation for intravenous administration. For instance, 
polymyxin B, is used as the last resort for the treatment as 

administration of polymyxins is closely associated with 
adverse renal (nephrotoxicity) and neurological (neuro-
toxicity) effects in a considerably large number of patients 
(Falagas and Kasiakou 2006).

A significant amount of design and synthesis of lipo-
peptides have been devoted in last 5 years (since 2012) to 
improve the therapeutic potential of the lipopeptides. In 
addition to the classic approach by simply conjugating the 
lipid chain to the peptide residues, there are many other 
unique and interesting designs of synthetic lipopeptides 
with potent antimicrobial properties. This review will dis-
cuss bioactive synthetic lipopeptides that have been pre-
sented within the last 5 years. The design and chemistry 
of synthetic lipopeptides with potential use in microbial 
infections are the focus. Daptomycin and polymyxin B 
have been the subject of several good reviews and will 
only be referred to occasionally in this review to illustrate 
some points (Cai et al. 2015; Nation et al. 2014). However, 
their recent mimics as novel synthetic cyclic lipopeptides 
are relevant to this review. There are many other insightful 
literature reviews encompassing other areas of lipopeptide 
research (Patel et al. 2015; Hamley 2015; Mandal et al. 
2013; Giuliani and Rinaldi 2011; Cochrane and Vederas 
2016; Meena and Kanwar 2015; Mangoni and Shai 2011; 
Schneider et al. 2014). There is also an useful review on 
synthetic lipopeptides published in 2007 (Jerala 2007; 
Azmi et al. 2016b). Recently, we have also published an 
extensive review on membrane interaction of cationic anti-
microbial peptides with the bacterial membrane (Li et al. 
2017).

Fig. 1  General structures of three main classes of lipopeptides: surfactin, iturin and fengycin



1655Recent advances in synthetic lipopeptides as anti‑microbial agents: designs and synthetic…

1 3

Mimics of natural lipopeptides: semi‑synthetic 
approaches

Natural lipopeptides possess significant values in micro-
bial control for biomedical and agriculture technology. It is 
noteworthy that myriad examples of cationic antimicrobial 
peptides (CAMPs, also named host-defense cationic pep-
tides, HDPs), which are ribosomally produced by almost all 
forms of life are also potential therapeutic agents. Acyla-
tion of natural AMPs with fatty acids has been proven to 
be a useful approach to improve their antimicrobial activity 
(Mangoni and Shai 2011). In general, mimicking natural 
peptides could be classified into two main categories: mim-
icking cyclic peptides and mimicking linear peptides.

Daptomycin analogs

Daptomycin is a clinically important lipopeptide antibiotic 
that kills Gram-positive bacteria via membrane depolariza-
tion. Daptomycin was approved by FDA in 2003 for skin 
and skin structure infections. Surotomycin (CB-183,315) is 
an orally dosed, non-absorbed cyclic lipopeptide analog of 
daptomycin (Fig. 2). As an attempt to further improve the 
potency against Clostridium difficile (Knight-Connoni et al. 
2016) and minimize the potential for resistance selection by 
C. difficile and other gastrointestinal species, a series of sem-
isynthetic lipopeptides based on daptomycin was designed 
and synthesized (Yin et al. 2015). The structural modifica-
tions were based on the lipid moiety of daptomycin via two 

main categories: aliphatic tail and aromatic ring containing 
acyl tails. Among all the analogs synthesized, surotomy-
cin exhibited the most potent overall in vitro antimicrobial 
profile. A fourfold improvement of C. difficile MIC over 
daptomycin was measured. In addition, surotomycin was 
also eightfold more potent against daptomycin-resistant E. 
faecium and E. faecalis. In the in vivo hamster C. difficile-
associated diarrhea (CDAD) model efficacy studies, suroto-
mycin protected animals at an oral dose of 0.5 mg/kg, which 
even showed comparable or better protection than vancomy-
cin. Surotomycin shows very good activity against anaerobic 
Gram-positive bacteria, including C. difficile (Citron et al. 
2012). Snydman et al. found that surotomycin was effec-
tive against C. difficile with MICs for a panel of 55 isolates 
<0.5 μg/ml. Isolates included in the study were both DR 
and MDR and resistant to moxifloxacin, clindamycin, van-
comycin and metronidazole. Surotomycin was active against 
enterococcal isolates (n = 60) at MICs of ≤2 µg/mL. Activ-
ity against both MSSA (n = 12) and MRSA (n = 12) was 
noted at concentrations of ≤1 µg/mL. The MIC range against 
Clostridium sp. (n = 33) was ≤0.125–4 µg/mL (Snydman 
et al. 2012). Surotomycin displayed concentration-dependent 
killing of both logarithmic-phase and stationary-phase cul-
tures at a concentration that was ≤16 × MIC. Like dapto-
mycin, at bactericidal concentration, surotomycin dissipated 
the membrane potential without inducing changes in mem-
brane permeability to small molecules (Mascio et al. 2012). 
Selection for resistance by serial passage also showed that 
emergence of resistance to surotomycin against C. difficile, 

Fig. 2  Structure of daptomycin 
and surotomycin. Surotomycin 
is a modified analog of dap-
tomycin with a different lipid 
moiety
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E. faecalis and E. faecium was likely to be rare (Mascio 
et al. 2014). Evaluation of phase two study of surotomycin 
has shown that its oral doses at 125 and 250 mg twice a 
day, is safe and well-tolerated. It is in a phase three clinical 
development for the CDAD treatment. Surotomycin provides 
stability, high aqueous solubility and low oral bioavailability, 
which are important to be applied as desirable pharmaceu-
tical properties for gastrointestinal use. Low oral bioavail-
ability is important to ensure high local concentrations to be 
achieved at the site of action-gastrointestinal tract (Knight-
Connoni et al. 2016).

Hart et al. has synthesized analogs of daptomycin cre-
ated with amino acids at several positions. The ester link-
age between the residue-4 and residue-13 was replaced 
with an amide bond. However, the replacement did not 
optimize daptomycin as the MICs against S. aureus were 
100.8–201.2 µM. However, the replacement of ester linkage 
to an amide linkage greatly increased the hydrolytic stability 
(t Hart et al. 2014). Structures of the synthetic daptomycin 
analogs are shown in Table S1.

Polymyxin analogs

Polymyxin B is a membrane active cyclic lipopeptide that 
permeabilizes both the outer and inner membranes of Gram-
negative bacteria via self-promoting uptake mechanism. The 
peptide portion of polymyxin B is poly-cationic, which inter-
acts with the anionic head groups of phospholipids found in 
lipid A. The lipid tail is critical, however, and antimicrobial 
activity is lost without this fatty acid moiety (Deris et al. 
2014). Polymyxin B nonapeptide (PMBN) is a proteolytic 
product of polymyxin B, which lacks the fatty acid residue 
and the terminal diaminobutyric acid. PMBN has dimin-
ished antimicrobial properties against Gram-negative bacte-
ria, but was active on the outer membrane of Gram-negative 
bacteria. However, the major therapeutic concerns regarding 
polymyxin B and its more often used analog colistin are 
nephrotoxicity and neurotoxicity (Biswas et al. 2012). Thus, 
Polymyxin B and colistin are generally considered as the last 
resort treatment for MDR Gram-negative infections. Resist-
ance may be due to a change in the number of phospholipid 
head groups in lipid A. Polymyxin or colistin resistance is 
problematic if the bacteria carry other mutations making 
them resistant to other classes of antibiotics.

Yamamura et al. has designed and synthesized polymy-
cin B mimicking molecule using cyclodextrin (CD). Poly-
amino CD derivatives possessing amino groups on C-6 
were prepared to mimic the polycationic peptidic region of 
polymyxin B. The number of repeating units (amino groups) 
used in the study was 6, 7 and 8. To investigate membrane 
activity of these compounds, K+ efflux from the bacterial 
cell cytosol was measured. The compound with eight amino 
groups induced the strongest K+ efflux from both S. aureus 

FDA209P and E. coli K12 strain W3110. Antimicrobial 
assays showed that the MICs against E. coli were moder-
ate (MICs = 32–64 µg/mL) while those against S. aureus 
(MICs = 4–8 µg/mL) were better. The K+ efflux assay also 
showed that the benzylamino CDs caused higher disrup-
tion of the bacterial membrane than polyamino derivatives. 
Interestingly, the K+ efflux profile of benzylamino CDs was 
also very similar to gramicidin S. Overall, the addition of 
hydrophobic benzyl groups to polymyxin B nonapeptide-
like amino CDs led to gramicidin S-like membrane activity, 
instead of polymyxin B (Yamamura et al. 2012).

Cajal’s group has designed and synthesized analogs of 
polymyxin B (Rabanal et al. 2015). Three analogs shown 
in Table S1 were studied: sp-34, sp-96 and sp-100. In gen-
eral, the three compounds share a (D)-tryptophan in posi-
tion 6, replacing (D)-phenylalanine. The presence of (D) Trp 
favored membrane interaction and conferred the molecule 
intrinsic fluorescence properties that allow the determina-
tion of membrane binding. Several key Dab residues were 
mutated to Arg, which has better hydrogen bonding proper-
ties than Dab or Lys and favored the insertion in the bacterial 
lipid. Other modifications include a (D)-cysteine in posi-
tion 10 (sp-96 and sp-100), and Norleucine (Nleu) instead 
of  Leu7 (sp-100). Nleu increased flexibility in this strategic 
hydrophobic residue and increased the permeabilizing and 
fusogenic capacity. Biophysical studies showed that the three 
polymyxin B analogs bound with high affinity to LPS. Thus, 
the mutations sp-34, sp-96 and sp-100 exhibited similar 
membrane targeting action to polymycin B, and were able 
to extend the antimicrobial spectrum toward Gram-positive 
bacteria (Grau-Campistany et al. 2016).

Li’s group is the first to use a new polymyxin SAR based 
mechanistic model to design novel polymyxin-like lipo-
peptides that specifically target polymyxin-resistant Gram-
negative bacteria. They proposed that polymyxin SAR data 
need to be interpreted based on a mechanistic model of 
the polymyxin-lipid A target complex (Velkov et al. 2010, 
2013). Then, they showed that introduction of hydrophobic 
modifications at position R6 or R7 of polymyxin B could 
overcome the polymyxin resistance (R6 and R7 for poly-
myxin B are D-Phe and Leu, respectively). Incorporation 
of aliphatic chains greater than 5 carbons at position 6 and 
7 significantly increased antibacterial activity. FADDI-
002, FADDI-003, FADDI-016, FADDI-019, FADDI-020, 
FADDI-039 and FADDI-047 showed potent MICs of 
2–8 µg/mL against polymyxin-resistant clinical isolates of 
P. aeruginosa (Table S1). SAR analysis also revealed that 
the structure of the aliphatic side chain does have a small 
effect on activity with straight chain aliphatic groups giving 
the best results. Stereochemistry analysis revealed that the 
D-analog at position 6 and L-analog at position 7 gave bet-
ter antimicrobial activities. With regard to safety and toler-
ability, these new lipopeptides showed that they had similar 
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tolerability as to polymyxin B in rodents. They also exhib-
ited lower nephrotoxicity than polymyxin, probably because 
of their high plasma protein binding (Velkov et al. 2014).

Magee et al. has also designed and synthesized a series of 
new polymyxin B analogs by replacement of the Dab-3 resi-
due with a Dap-3 (l-2,3-diaminoproprionic acid) in a combi-
nation with a relatively polar 6-oxo-1-pheyl-1-6-dihyropyr-
idine-3-carbonyl side chain as a fatty replacement (Fig. 3). 
The compound displayed an improved antimicrobial activity 
against Gram-negative bacteria (MICs = 0.125–4 µg/mL), 
including polymyxin B-resistant strains, relative to poly-
myxin B. It also displayed improved in vitro renal cytotox-
icity profiles. However, the newly synthesized compound 
showed inferior in the direct PK/PD comparison with poly-
myxin B in the murine neutropenic thigh model. Conse-
quently, this compound is not likely to surpass polymyxin B 
for the overall therapeutic index (Magee et al. 2013).

Rabanal et al. has utilized cysteine to form a disulfide 
bridge to mimic and simplify polymyxin B structure. In 
addition, they also substituted the branched natural fatty 
acid tail with a linear fatty acid. Further addition of two 
or three arginines conferred moderate activity against S. 
aureus. However, when arginines were introduced, activity 
against Gram-negative bacteria reduced (MICs = 8–32 µg/
mL). SAR analysis revealed that using d-cysteinamide at the 
C-terminal and neoleucine at position-7 was able to maintain 
the antimicrobial activities against Gram-negative bacteria 

(MICs = 1–4 µg/mL), while the spectrum of activity appar-
ently broadened toward S. aureus (1–4 µg/mL). They also 
exhibited very potent antimicrobial activities against drug-
resistant Gram-negative bacteria (MICs = 0.5–4 µg/mL). 
In vivo acute toxicity test using subcutaneous administration 
showed that the lethal dose  (LD50) was 283 mg/kg. Mice 
treated with 200 mg/kg of the modified peptide survived 
and no signs of pathology in vital organs. By contrast, LD50 
reported for subcutaneous administration of polymyxin B 
was 59.5 mg/kg.

In addition to the direct substitution approach as dis-
cussed above, Ferguson et al. has developed a nanomedicine-
based delivery system to target the delivery of colistin, poly-
myxin E, by conjugating the colistin with dextrin. Dextrin 
is a FDA-approved biodegradable polymer that can be used 
as a formulation aid. Microbiology assays showed that the 
dextrin–colistin conjugates exhibited weaker antibacterial 
activities against a panel of Gram-negative bacteria. Signifi-
cantly, dextrin conjugation could mask colistin’s cytotoxicity 
and systemic toxicity. The administration of 0.5 mg/kg via 
single IV bolus to rat had no sign of systemic toxicity, but 
administration of the colistin at the equivalent concentra-
tion was fatal. Pharmacokinetic studies revealed that dex-
trin–colistin conjugates could prolong the half-life of the 
colistin (Ferguson et al. 2014). The dextrin–colistin conju-
gates also effectively inhibited LPS-induced hemolysis in a 
concentration-dependent manner, without additive toxicity 

Fig. 3  Replacement of the 
Dab-3 residue of polymyxin B 
to Dap-3 (L-2,3-diaminopropri-
onic acid) in combination with a 
relatively polar 6-oxo-1-phenyl-
1-6-dihydropyridine-3-carbonyl 
side chain improved in vitro 
antimicrobial activity of poly-
myxin B against Gram-negative 
bacteria (Magee et al. 2013)
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at higher concentrations. Thus, the conjugates could also 
represent effective neutralizers of endotoxin with application 
in the treatment of sepsis (Roberts et al. 2016).

Mimicking other natural lipopeptide analogs

Fusaricidines are a family of cyclic lipodepsipeptide anti-
biotics isolated from Paenibacillus sp. In contrast to typi-
cal CAMPs and daptomycin, fusaricidin and its synthetic 
derivatives possess a neutral amino acid sequence and a 
single positive charge located at the termini of their lipidic 
tails. Bionda et al. has synthesized three cyclic lipopeptides 
(designated as LI-Fs-1, LI-Fs-2 and LF-Fs-3) derived from 
fusaricidin (Table S1). These three peptides were different in 
amino acid at position 1. LI-Fs-2 exhibited similar antibacte-
rial activity against Gram-positive bacteria compared with 
LI-Fs-1, but with improved stability and decreased human 
cell cytotoxicity. Interestingly, LI-Fs-3 showed a complete 
loss of activity. Time-kill assays showed that LI-Fs-1 killed 
Gram-positive bacteria with more than a 3-log reduction 
within the first hour. In contrast, LI-Fs-2 was bacteriostatic 
under the same experimental conditions. Biophysical stud-
ies further revealed that LI-Fs-1 depolarized bacterial mem-
branes more efficiently. However, membrane depolarization 
did not correlate with bacterial cell lethality, suggesting that 
membrane targeting activity is not the main mode of action 
for this class of antibacterial peptides. It is also noteworthy 
that linear analogs of fusaricidin were also synthesized, but 
no antibacterial activity was detected. Cyclic lipopeptides 
LI-Fs-1 and LI-Fs-2 improved the survival of G. mellonella 
larvae infected with MRSA (Bionda et al. 2013). From 
Li-Fs-2, Bionda et al. developed a positional scanning com-
binatorial library to screen for enhanced antibacterial activ-
ity. Activities were screened against the ESKAPE pathogens 
(Bionda et al. 2016). The results showed that a new cyclic 
peptide, designated as LI-Fs-4 in this review, was discov-
ered. LI-Fs-4 exhibited the most broad and potent antibacte-
rial activity in this series of cyclic lipopeptide. Interestingly, 
LI-Fs-4 was active against bacterial biofilms. It was able to 
decrease the number of cells within biofilms, and disrupted 
mature 2-day-old biofilms formed by MRSA and P. aer-
uginosa at 4 µg/mL. Taken together, an increase in overall 
hydrophobicity of cyclic lipopeptides and net positive charge 
resulted in improved antibacterial activity. LI-Fs-4 also 
showed a low propensity for bacteria to develop resistance 
compared with vancomycin and ciprofloxacin. Significantly, 
no non-specific toxicity was observed using Cell TiterGlo 
Luminescent cell viability assay on BJ cells (ATCC CRL-
2522) (Bionda et al. 2016).

De Zoysa et  al. has synthesized a series of linear 
lipopeptides based on a cyclic lipopeptide, battacin. 
The results showed that the linear analogs had higher 
potency than cyclic analogs. One linear lipopeptide 

(sequence = CH3-CH2CH(CH3)(CH2)2CO-Dab-Dab-Dab-
Leu-(D)Phe-Dab-Dab-Leu-NH2) exhibited good broad-
spectrum antimicrobial activities (MICs = 1–5 µM) against 
both plant pathogens and human pathogens E. coli, P. 
aeruginisosa and S. aureus. By contrast, its cyclic coun-
terpart showed higher MICs of 2.5–507 µM. Further SAR 
analysis using alanine scanning method has identified a 
potent truncated linear lipopeptide with a sequence of 
 (CH3)2CH(CH2)3CO-(D)Dab–Dab-Leu-(D)Phe-Dab-NH2. 
The truncated lipopeptide also showed similar potency 
against P. aeruginosa, S. aureus, E. coli and Psa with MICs 
of 1–15 µM (De Zoysa et al. 2015).

Arylomycins are a class of non-ribosomally synthesized 
lipopeptide antimicrobials that inhibit bacterial type I signal 
peptidase (SPase). Spase is an essential serine–lysine dyad 
protease that is anchored to the outer leaflet of the cytoplas-
mic membrane. It removes the N-terminal signal peptides 
from proteins that are transported out of the cytoplasm. 
However, the spectrum of the arylomycin is very limited, 
because of the presence of a specific Pro residue in the target 
peptidase that disrupts interactions with the lipopeptide tail. 
To optimize the activity of arylomycins, one of the possible 
approaches is to obtain an arylomycin analog that could bind 
to SPase regardless of the resistance-conferring Pro. As an 
attempt to achieve a broad-spectrum arylomycins analog, 
Roberts et al. have synthesized a series of arylomycin ana-
logs focusing on derivatives with altered lipopeptide tails. 
Antimicrobial assays were performed on susceptible and 
resistant strains of S. epidermidis, S. aureus, E. coli and 
P. aeruginosa. Lipid tail modifications were performed to 
investigate the following: minimal tail length, one or more 
aromatic rings, phenyl substituted tail mimetics, effects of 
lipopeptide methylation, effects of lipopeptide tail rigidity 
and flexibility. Overall, both the methylation state and the 
length of the straight chain fatty acid of the lipopeptide tail 
 (C16) are already optimized for activity (Fig. 4). Neverthe-
less, the unnatural phenyl analogs are more promising scaf-
folds with an expanded spectrum against wild type S. aureus 
strains (Roberts et al. 2011). Liu et al. has further modi-
fied arylomycin via glycosylation with a deoxy-α-mannose 
substituent (Fig. 4). They found that glycosylation did not 
affect the antimicrobial activity significantly. Structural 
analysis revealed that the lipoglycopeptides bound to SPase 
in a manner analogous to the arylomycin. The hydrophobic 
part of the sugar interacts with active site residues and that 
glycosylation affected the interactions between the peptidic 
position of the inhibitors tail and SPase. Glycosylation also 
improved the water solubility of the arylomycin (Liu et al. 
2011).

Amphomycin is a naturally occurring lipopeptide active 
against Gram-positive bacteria. MX-2401 (Fig. 5) is a novel 
semisynthetic lipopeptide antibiotic that comprises a chemi-
cally modified amphomycin core to which an aromatic linker 
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and  C12 lipid side chain are added. In general, MX-2401 
showed potent antimicrobial activity against a variety of 
Gram-positive bacteria associated with serious infections, 
including MRSA and VRE, with  MIC90 ranges of 2–4 µg/
mL. Compared to daptomycin, MX-2401 had a longer half-
life and was not as strongly dependent on the concentration 
of  Ca2+ (Dugourd et al. 2011). Although MX-2401 displayed 
poor oral availability, it displayed favorable PK profile in IV 
administration (Pasetka et al. 2010).

Nisin is a potent cyclic peptide with potent antimicrobial 
activity produced by various strains of Lactococcus lactis. 
The presence of five lanthionine rings (A–E) imparts a pre-
defined conformation for nisin’s mode of action. Nisin’s 
antibacterial action involves its ability to bind to lipid II 
with the N-terminal A/B ring system. Then, C–E rings from 
the C-terminal region will insert into the bacterial inner 

membrane, leading to pore formation and bacterial cell death 
(Breukink et al. 1999). The main limitations of nisin are 
its susceptibility to proteolytic degradation in vivo, toxicity 
and poor pharmacokinetics. The presence of the protease-
sensitive C-terminal region of nisin is required for full anti-
microbial activity and is proposed to interact with bacterial 
membranes upon lipid II binding by the A/B ring moiety. As 
an attempt to maintain antibacterial properties and improve 
protease stability of nisin, Koopmans et al. substituted the 
C-terminus of nisin with a simple membrane active lipid. 
Antimicrobial assays showed that analogs containing the 
C10, C14 and farnesyl lipids showed the most potent anti-
microbial activities (MICs = 4–64 µg/mL) against Gram-
positive bacteria. A triazole linked analog by incorporation 
of a terphenyl lipid, exhibited the most potent antimicrobial 
activities (MICs = 4–8 µg/mL). These new analogs induced 
a clear loss of structural integrity in bacterial cells, with an 
indication of cell death via lysis. Significantly, the stabilities 
of the new analogs in human serum were greatly improved. 
For instance, while only 33% of nisin remained intact after 
24 h, the new analogs were 94% intact over the same time 
period (Koopmans et al. 2015).

BPC194 (sequence = c(KKLKKFKKLQ) is a synthetic 
cyclic peptide with a high antimicrobial activity, low hemol-
ysis and high phytotoxicity. It is derived from a de novo 
designed cyclic peptide and then optimized via a combi-
natorial chemistry approach (Monroc et al. 2006a, b). Vila 
et al. has designed and synthesized a series of peptides to 
explore the selective activity against microbial, plant and 
animal cells. In one study, they investigated: the length of 
the fatty acid chain and the lysine residue that was derivat-
ized, incorporation of d-amino acid and the replacement of 
Phe residue with His residue. In general, the results show 
that cyclolipopeptides with differential biological activity 
profile were developed. For instance, cyclolipopeptides with 
a d-amino acid or a His residue displayed low hemolysis 

Fig. 4  Chemical structure 
of arylomycin A-C16 and its 
glycol-modified derivative, 
arylomycin C-C16

Fig. 5  Structure of MX-2401. The figure was extracted and modified 
from a published report (Pasetka et al. 2010)
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at concentration up to 250 µM. By contrast, the parent 
cyclopeptide, BPC194 is highly hemolytic. However, all 
the newly developed cyclolipopeptides showed poorer anti-
microbial activities against plant bacteria (Erwinia amylo-
vora PMV6076 and P. syringae pv. syringae EPS94) and 
fungus (Fusarium oxysporum f. sp. lycopersici FOL race 2 
ATCC201829) tested than the parent cyclic peptide. Struc-
tures of selected cyclolipopeptides (BPC500, BPC676, 
BPC686, BPC714 and BPC728 are shown in Table S1 (Vila 
et al. 2016).

Mimicking linear natural peptides analogs

In addition to cyclic lipopeptides, there are also many 
successful examples of synthetic lipopeptides mimick-
ing natural linear AMPs with potential therapeutic values. 
Lactoferricin is CAMP derived by pepsin digestion of lacto-
ferrin. Lactoferricin displays antimicrobial activity against 
a wide range of microorganisms (Gifford et al. 2005). The 
incorporation of an acyl group into the peptide backbone 
only resulted in a compound with improved MIC (LF-215; 
sequence = FWRIRIRR). Acylation of LF11-215, an 11-mer 
peptide derived from human lactoferricin, with octanoic 
acid (O-LF11-215) and 2,2-dimethylbutanoic acid (DI-MB-
LF11-215) slightly improved the MICs from 64 µg/mL to 
32 and 16 µg/mL, respectively. The possible reason is that 
N-acylation enhances the binding to LPS of the outer mem-
brane of P. aeruginosa, which can counteract the membrane 
permeabilization by reducing the effective peptide concen-
tration at the inner membrane. The acylated analogs killed 
significantly faster than their parental non-acylated counter-
parts when tested at their respective MBCs (Sanchez-Gomez 
et al. 2015). The N-acylated peptides were found to signifi-
cantly affect the distribution of the cardiolipin domains. 
Before E. coli was treated with the N-acylated peptides, 
cardiolipin was mainly localized to poles and septum area. 
O-LF11-215 significantly affected the distribution of cardi-
olipin domains as the cardiolipin was distributed along the 
cell membrane. For the LF11-215-treated cells, cardiolipin 
was still mainly distributed at septum and poles. N-acylated 
peptides induced numerous small membrane domains, cre-
ating more defects at domain borders and caused a more 
severe membrane perturbation. In addition, N-acylated pep-
tides were also found to interact strongly with both anionic 
and neutral lipids, which further hinder the formation of CL 
domains at septum and poles. Overall, N-acylated LF-11 had 
stronger bactericidal activity and induced stronger defects in 
membrane perturbation (Zweytick et al. 2011, 2014).

Defensins are classified into α- and β-defensins, based on 
the spatial distribution of the three cysteine intramolecular 
bonds. Human α-defensins, such as HD5 are key compo-
nents and key contributors to innate immunity. HD5 exhibits 

broad-spectrum antibacterial activity. A full-length HD5 
has 32 amino acids with three disulphide bridges. Interest-
ingly, several reports propose that full-length HD5 may not 
be a stringent requirement for antibacterial activity (Varkey 
and Nagaraj 2005; Lundy et al. 2008). However, the linear 
analog of HD5, designated D5R (sequence = ATYRTGRA-
TRESLSGVEISGRLYRLR; MIC = 20–100 µM) was less 
active than HD5 (MIC = 2.5–20 µM, except for P. aerugi-
nosa). Similarly, its D-residues, D5r (sequence = ATYrT-
GrATrESLSGVEISGrLYrLR; r = d-arginine) had similar 
activity to D5R. As an attempt to improve the antimicrobial 
activity of the linear analogs, D5R and D5r were conjugated 
with myristic acid and lauric acid. Fatty acylation with both 
myristic and lauric acids results in dramatic increase in anti-
bacterial activity against both Gram-negative, Gram-positive 
bacteria and fungi. The peptides conjugated with both myris-
tic acid and lauric acid are also active against P. aeruginosa 
(MIC = 7.5–10 µM) unlike full-length HD5 (inactive). Con-
focal microscopy revealed that HD5 did not cause extensive 
damage to bacterial membrane. This was further proven by 
Sytox Green assay, which showed that HD5 did not permea-
bilize the bacterial inner membrane. Similarly, non-acylated 
peptides, D5R and D5r also did not induce inner membrane 
perturbation. By contrast, acylated peptides caused extensive 
membrane disruption. Interestingly, HD5 had ability to bind 
with plasmic DNA. Thus, HD5 bound to DNA and further 
resulted in shut down of bacterial metabolism leading to cell 
death. Both linear analogs and acylated analogs exhibited 
reduced drastic reduction of affinity to DNA. Incorporation 
of d-arginines resulted in further reduction in binding. In 
summary, acylation of HD5 linear analogs shifted the anti-
bacterial action from DNA binding to membrane disruption 
(Mathew and Nagaraj 2015).

Tridecaptins are a group of linear cationic lipopeptides 
analogs of the polymyxins. Tridecaptin A1 is a lipopeptide 
isolated from Paenibacillus terrae NRRL B-30644, which 
displays antimicrobial activity against the common food-
borne pathogen Campylobacter jenuni (Lohans et al. 2012, 
2014). Tridecaptin A1 has a structure of  CH3CH2CH(CH3)
(CH2)2CH(OH)CH2CO-vD-Dab-GswS-Dab-D-Dab-FEV-
D-alle-A. As an attempt to make structurally simple ana-
logs and improve antimicrobial activities, Cochrane et al. has 
synthesized a library of lipid tail modified Tridecaptin A1. 
Tridecaptin A1 is more potent against Gram-negative patho-
gens (MICs = 1.56–12.5 µg/mL). However, it is much less 
active against Gram-positive bacteria (MICs = 0–>100 µg/
mL). In that study, eleven analogs with different lipid tails 
were synthesized. Significantly, the unacylated peptide was 
much less active than the natural lipopeptide. Analogs in 
which the lipid tail was shorter than six-carbon units or 
longer than twelve-carbon units were also significantly 
less active than the natural lipopeptide. The optimal length 
for the lipid tail was 8- to 12-carbon units, displaying the 
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strongest antimicrobial activities against Gram-negative bac-
teria. However, none of the analogs exhibited potent antimi-
crobial activity against Gram-positive bacteria. Interestingly, 
when the lipid tail was conjugated with triethylene glycol, 
so the carbon unit was in the range of 8–12 carbon units, 
the compound was inactive against all bacteria at the high-
est tested concentration (MIC > 100 µg/mL). The results 
suggested that the presence of heteroatoms in the lipid tail 
possibly prevents effective interaction with the cell mem-
brane or alters the conformation of the peptide. Overall, the 
lipid tail of the tridecaptin A1 proved to be an ideal site for 
modification. Octanoic acid found to be an optimal fatty acid 
yielded an analog that retained strong activity against food-
borne pathogen and Gram-negative pathogens. The synthesis 
of tridecaptin A1 is also simplified by replacing the chiral 
lipid tail of the natural tridecaptin A1 (Cochrane et al. 2014).

Bacteriocins are antimicrobial peptides secreted by many 
lactic acid bacteria. These peptides are usually cationic and 
membrane permeabilizing. Plantaricin is a bacteriocin pro-
duced by Lactobacillus plantarum NRIC 149 isolated from 
pineapple. Siano et al. has synthesized a series of peptide 
analogs based on region 6–22 of Plantaricin 149 (Pln149a, 
sequence = YSLQMGATAIKQVKKLFKKKGG). Peptide 
derived from region 6–22 of Pln149a was designated as CT 
(sequence = GATAIKQVKKLFKKKGG). CT peptide was 
acylated with octanoic acid (C8-CT) and dodecanoic acid 
(C12-CT). CT(W17) corresponds to a CT-substituted analog 
where Phe17 was replaced by Trp17 (sequence = GATAI-
KQVKKLWKKKGG). Antimicrobial activity showed that 
acylated peptides exhibited much improved antimicro-
bial activity against S. aureus. In general, acylation could 
improve antimicrobial activity of CT peptide against both 
strains of bacteria tested. The substitution of Phe by Trp had 
an unfavorable effect on the antimicrobial property. Mem-
brane interaction studies with dipalmitoylphosphatidylcho-
line-polydiacetylene vesicles showed that lipopeptides inter-
acted to a greater extent with both biological and biomimetic 
membranes (Siano et al. 2011).

The studies discussed above show that amino acid 
replacement could also impact the antimicrobial properties 
of a peptide. Zotti et al. has explored the role of the Aib 
(α-aminoisobutyric acid) by substituting the Aib residues 
with Leu in trichogin GA IV, an antimicrobial lipopeptai-
biotic. Trichogin GA IV belongs to a sub-class of peptai-
biotics termed lipopeptaibols, carrying a fatty acyl moiety 
at the N-terminus. Trichogin GA IV has a primary peptide 
sequence of: n-Oct-Aib-Gly-LeuAib-Gly-Gly-Leu-Aib-
Gly-Ile-Lol, where Lol is leucinol. Trichogin GA IV is an 
antimicrobial active against Gram-positive bacteria. Aib is 
known to be responsible for the adoption of particularly sta-
ble helical structures. In that study, four new trichogin Ga IV 
analogs were synthesized:  C8-LGL-Aib-GGL-Aib-GI-Lol 
( L 1 ) ,   C 8-A i b - G L - L G G L -A i b - G I - L o l  ( L 4 ) , 

 C 8 - A i b - G L - A i b - G G L L G I - L o l  ( L 8 )  a n d 
 C8-LGL-Aib-GGLLGI-Lol (L1,8). All L1, L4 and L8 ana-
logs removed the activity of trichogin GA IV against E. coli 
(MIC = 32 µg/mL), as all Leu-substituted analogs were 
inactive against E. coli at the highest concentration tested 
(>64 µg/mL). The results suggested that Aib residues pre-
sent in the native sequence were important against E. coli. 
By contrast, L1 and L8 analogs showed an enhanced activity 
against S. aureus, with MICs of 2 and 4 µg/mL, respectively. 
Native Trichogin Ga IV had MICs of 8–16 µg/mL against 
S. aureus. The L4 analog was inactive against S. aureus 
(MIC > 64 µg/mL). 2D-NMR and X-ray diffraction studies 
showed that the absence of the helix-stabilizing Aib residue 
at 4th position, in the core of the primary structure motif, 
is probably mainly responsible for the conformation behav-
ior of this analog. Conversely, substitution of Aib to Leu 
at 1st and 8th positions only affected the helical structure 
to a minor extent. Both L1 and L8 could interact with lipid 
bilayer more efficiently too. Lastly, the Aib to Leu replace-
ments do not affect the resistance to proteolysis (De Zotti 
et al. 2012).

Anoplin (sequence = GLLKAIKTLL) is a purified CAMP 
from the venom of the solitary wasp Anoplius samariensis 
(Konno et al. 2001). From a SAR analysis, Ifrah et al. found 
that the overall charge of +4 is essential for selectivity, while 
hydrophobicity is required for activity (Ifrah et al. 2005). 
To further improve the antimicrobial activity of anoplin, 
Slootweg et al. has incorporated (S)-2-aminoundecanoic 
acid (lipoamino acid, LAA  C9) on positions 2, 6 or 10. 
Antimicrobial assay showed that LAA  C9 substituted ana-
logs exhibited a four- to eightfold improved antimicrobial 
activities against S. aureus (MICs = 2.5 µg/mL) compared to 
anoplin (MIC = 20.6 µg/mL). In addition, they also showed 
improved MICs against E. coli (MICs = 5.2–20.6 µg/mL). 
MIC of anoplin against E. coli was 41 µg/mL. Hemolytic 
activity of LAA  C9-substituted analogs was higher than 
anoplin (39–108 vs >500 µg/mL). N-decanoylated anoplin 
 (C9-GLLKAIKTLL) was used as a control for non-selective 
lipopeptides. Although it showed very potent antimicrobial 
activities against both E. coli and S. aureus (MIC = 2.5 µg/
mL), the membrane selectivity was poor. Biophysical assays 
using carboxyfluorescein leakage assay showed that LAA C9 
substituted analogs increased membrane permeabilization to 
anionic lipid containing membranes. Overall, lipoamino acid 
could be used to increase hydrophobicity of a peptide and 
antimicrobial activity of the peptides. Compared to N-acety-
lation with saturated fatty acid, lipoamino acid showed better 
selectivity and as membrane selectivity was not significantly 
disrupted (Slootweg et al. 2013).

Tryptophan- and arginine-rich antimicrobial pep-
tides possess high potencies against both Gram-positive 
and Gram-negative bacteria. Several reports have shown 
that peptides comprised of only tryptophan, arginine and 
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phenylalanine have potent antimicrobial activities (He et al. 
2007; Haug et al. 2008). Fang et al. hypothesized that effec-
tive AMPs could be prepared by combining the advantages 
of lipopeptides with those of RW rich peptides. K and I 
were used to tune the peptide hydrophobicity and charge. 
A series of short lipopeptides containing RWKI residues 
were synthesized. Antimicrobial assays showed that most 
of these peptides were more active against S. aureus than 
E. coli. Interestingly, no significant differences between all 
sequence variations ranging from simple RW or KW con-
taining sequences to the peptides mixed with R, K, W and I 
residues. The results clearly showed that antimicrobial activ-
ity is related to their physiochemical properties especially in 
charge and hydrophobicity. With regard to fatty acid length, 
both  C10− and  C14 conjugated peptides were active against 
S. aureus (MICs = 3.9–31.2 µg/mL). However, when the 
fatty acid length increased to  C18, the antimicrobial activi-
ties were greatly weakened (MICs = 15.6–>31.2 µg/mL). 
SAR analysis of hemolytic activity showed that the number 
and the position of the W residue were important. More W 
residues resulted in increased lytic effects. However, greater 
lytic effects were also associated with a longer lipid tail. 
By contrast, increase in charge would favor its discrimina-
tion ability between more neutral mammalian cell mem-
branes and more negatively charged bacterial membrane. 
Overall, SAR analysis showed that hemolytic activity on 
human erythrocyte was tuneable by varying their physico-
chemical parameters especially charge, hydrophobicity and 
residual position. These lipopeptides were also membrane 
targeting. It is noteworthly that several peptides such as 
AMP-C10-3 (sequence = C10-RKWWK) and AMP-C10-4 
(sequence = C10-RIKWWK) were able to retard the migra-
tion of DNA on agarose gel in the DNA binding assay. This 
signified that multiple modes of action were involved. How-
ever, for those peptides with fast killing property, bacterial 
membrane is still the primary target (Fang et al. 2014).

L-to-D substitution of a α-helix peptides modulates the 
α-helical structure, resulting in a change in interface locali-
zation of the peptides, which further affects the membrane 
targeting properties. To investigate the effects of L-to-D on 
their antimicrobial activities, Albada et al. has synthesized 
two groups of 32 peptides each of diastereomeric lipidated 
RW-peptides. One group was lipidated with octanoic acid 
while the other was lipidated with decanoic acid. The pep-
tide backbone used in this study was based on WRWRW, 
and subsequently a L-analog was substituted with a d-analog 
In this section, capital letter represents L-analog, whereas 
small letter represents d-analog). Antibacterial assays 
showed that all peptides modified with d-analogs were 
comparable in activity against Gram-positive bacteria. 
For instance, almost no difference was observed between 
the diastereomeric  C8- and  C10-lipidated peptides against 
B. subtilis and MRSA. For diastereomeric  C8-and  C10 

lipidated peptides, most derivatives were similarly or less 
active than the all-L peptides. Encouragingly, the L-to-D 
transformation could be observed for their hemolytic activ-
ity. All L-analogs  (C8-WRWRW) displayed 15.6 ± 3.2% 
hemolysis at 142 µM, whereas most of the stereoisomers 
of this peptide were significantly less hemolytic. For exam-
ple,  C8-WRwRw,  C8-WrwRW,  C8-WrWrw,  C8-wRwrW, 
 C8-Wrwrw,  C8-wRwrw, and  C8-wrwRw were almost not 
hemolytic and still possessed strong activity against Gram-
positive bacteria. Taken together, L-to-D transformation 
could increase the potential therapeutic window of these 
compounds (Albada et al. 2013). Albada et al. also inves-
tigated the effects of C- or N-terminal lipidation on RW-
peptides. Both N- and C-lipidated peptides showed simi-
lar activities against Gram-positive bacteria. Interestingly, 
C-lipidated peptides, especially C-C8(RW)3, C-C10(RW)3 
and C-C12(RW)3, exhibited improved antimicrobial activities 
against Gram-negative bacteria, with MIC ranged of 2–5 µM 
and 5–9 µM against E. coli and A. baumannii, respectively. 
Their N-lipidated analog showed MIC ranged of 5–18 µM 
and 9–35 µM against E. coli and A. baumannii, respectively. 
Hemolytic assay also showed that C-lipidated peptides had 
higher  HC50 value (Albada et al. 2012).

A summary of selected examples of the synthetic peptides 
described above are shown in Table S2.

Design of new lipopeptides with different scaffold 
and structural properties

Natural lipopeptides have several limitations such as poor 
stability and high cost of production (Giuliani and Rinaldi 
2011). Particularly, although the use of peptides composed 
of d-amino acids is sometimes contemplated owing to their 
high resistance to proteolysis, this approach often signifi-
cantly increases the cost of manufacturing with only limited 
pharmacokinetic advantages. To overcome these limitations, 
focus has shifted from the production of these naturally 
occurring AMPs or their sequence analogs to developing 
mimics endowed with better properties such as ultrashort 
peptides, multimeric peptides or peptidomimetics.

Ultrashort lipopeptides

CAMPs are not ideal drugs as they are prone to peptidase 
degradation (Hancock and Sahl 2006; Straus and Hancock 
2006). Ultra-short lipopeptides are engineered antimicrobial 
peptides with 2–4 amino acids linked to a fatty acid. The 
net charge is positive, ranging from 1 to 4. Interestingly, 
substituting only one out of the two to four amino acids 
is sufficient to create molecules with different biological 
functions. They represent the shortest lipopeptides reported 
so far. Even an ultra-short peptide with KK conjugated to 
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palmitic acid is able to demonstrate both bactericidal and 
fungicidal activities (Baranska-Rybak et al. 2013). Fatty acid 
is a very important component in ultra-short lipopeptides. 
For instance, Avrahami and Shai produced a series of active 
ultra-short lipopeptides by acylating the inactive short pep-
tides (Avrahami and Shai 2003, 2004).  C16-KGGk is one of 
the most potent ultra-short lipopeptides (Makovitzki et al. 
2006). Recently, Lin and Grossfield have investigated the 
antimicrobial action of  C16-KGGk using umbrella sampling. 
The results showed that  C16 hydrophobic tail is the main 
contributor to its affinity to lipid membrane, whereas the 
peptide part is important for its selectivity (bacterial mim-
icked membrane over the mammalian mimicked membrane). 
Electrostatic interaction contributed about 40% to the overall 
ΔG of binding, suggesting that electrostatics play a signifi-
cant role in selectivity. Moreover, their studies also revealed 
that the ultrashort lipopeptides can bind to lipid membrane 
via different paths: hydrophobic interactions with the acyl 
chains or the electrostatic interaction between lysine side 
chains and the lipid phosphates (Lin and Grossfield 2014). 
After bound to the membrane, these lipopeptides altered 
the local lipid organization by recruiting negatively charged 
POPG lipids to the site of binding. This drastic reorganiza-
tion of the membrane bilayer has major impacts on bilayer 
dynamics and cellular process that depend on specific bilayer 
compositions (Horn et al. 2012).

KYR is one of the shortest AMPs reported. KYR is the 
amino acid sequence of the bovine hemoglobin alpha chain 
strain, which was part of the longer amino acid sequence 
that was obtained from hydrolysing the hemoglobin alpha 
chain. As an attempt to further improve antimicrobial activ-
ities of this ultra-short peptide, C-terminus was amidated 
and the N-terminus was acylated with fatty acid of chain 
length  C10,  C12,  C14 and  C16. Antimicrobial assay indicated 
that  C14-KYR-NH2 (10–27 µg/mL) was the most effective 
ultra-short peptides in this series. (Catiau et al. 2011). Inter-
estingly, haemolytic assay showed that all the ultra-short 
peptides were non-hemolytic at the highest tested concentra-
tion of 256 µM. Cytotoxicity assay (MTT assay) using Vero 
cells indicated that no cytotoxicity was detected at 40 µM. 
However, strong cytotoxicity could be observed at 80 µM. 
Mechanism studies suggested that  C12- and  C14-KYR-NH2 
first bound to the outer membrane of the bacterial cell and 
further permeabilized into the outer membrane rapidly. 
Then, they reached inner membrane and induce membrane 
permeabilization and depolarization, resulted in rapid time-
kill in 10 min. Taken together, high selectivity and rapid 
killing of bacteria make them promising candidates as drug 
lead compounds (Nasompag et al. 2015).

Sikorska et  al. has investigated the activity, self-
organization and interactions of three ultrashort pep-
tides:  C16-KK-NH2,  C16-KGK-NH2 and  C16-KKKK-NH2. 
These ultra-short lipopeptides exhibited broad-spectrum 

antimicrobial activities, with MICs ranged from 4 to 16 µg/
mL against Gram-positive and Gram-negative bacteria. 
Their bactericidal concentrations ranged from 4 to 32 µg/
mL. As the MBC/MIC ratios are less than or equal 2, this 
further asserting the bactericidal power of the tested com-
pounds.  C16-KK displayed the most potent hemolytic activ-
ity.  HC50 of  C16-KK was 25 mg/mL, whereas a five times 
higher concentrations needed to induce 50% hemolysis for 
both  C16-KGK-NH2 and  C16-KKKK-NH2. Overall, they 
show a good selectivity index  (HC50/MIC) of >3000. Simi-
lar to other ultra-short lipopeptides, initial electrostatic and 
subsequent hydrophobic interactions enabled the lipopep-
tides to interact with the lipid bilayer. Both types of interac-
tions were important to provide a sufficient energy to anchor 
the peptide into the membrane (Sikorska et al. 2014).

Findlay et al. have investigated the window of activity 
of the lipopeptides  C16-KGK and  C16-KKK. In addition 
to normal carbon–hydrogen hydrophobic domain, they 
also investigated effects of carbon–fluorine (CF) bonds 
on the ultra-short lipopeptides. Molecules with CF bonds 
are both hydrophobic and lipophobic. Amphiphiles heavy 
with CF bonds might, therefore, prefer to self-associate, 
reducing the effect of their hydrophobic character whilst 
in solution and potentially creating areas of high peptide 
concentration within the membrane. In this study, hydro-
phobic tails of the ultra-short peptides were constructed 
by saturated hydrocarbons and fluorocarbons (Table S3). 
 C16-KGK was the most potent compound against MSSE 
and MRSE strains with MICs of ≤0.25 µg/mL. Antimicro-
bial activity of the longest fluorinated compounds, such as 
 F11-KGK(sequence = CF3(CF2)9CO-KKK-NH2), was mod-
erate against Gram-positive bacteria (32 µg/mL). Other com-
pounds with shorter fluorinated tails were less active as the 
lipids became shorter. For instance,  F7-KGK and  F7-KKK 
were broadly inactive against all the strains tested (Findlay 
et al. 2012).

Lohan et al. has reported antimicrobial activities of a 
series of non-natural ultrashort lipopeptides composed of 
non-genetically coded amino acid ornithine (1–5 ornith-
ines), covalently attached to fatty acids of different chain 
lengths  (C8–C18). All of the synthesized lipopeptides were 
tested against a range of microbes including Gram-positive, 
Gram-negative bacteria and fungi. Lipopeptides with single 
Orn residue and short aliphatic tail were inactive with MICs 
of >100 µg/mL. Improved MICs could be observed when 
number of the Orn residues increased to from two to five 
units. The most potent ultrashort lipopeptide in this series 
was LP16, with a structure of  C14–Orn–Orn–Orn–Orn. 
LP16 exhibited potent and broad-spectrum antimicrobial 
activities against E. coli, P. aeruginosa and S. aureus with 
MICs of 1.5 and 6.25 µg/mL against B. subtilis. It also 
displayed potent activities against drug-resistant patho-
gens such as methicillin-resistant S. epidermidis (MRSE; 
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MIC = 6.25 µg/mL) and MRSA (12.5 µg/mL). SAR analy-
sis also revealed that three ornithine residues and  C14 and 
 C16 were the optimal ornithine number and chain length, 
respectively. Any higher number of ornithine residue 
or chain length longer than that did not provide further 
enhancement in activity. LP16 was also active against a 
panel of fungal strains including C. albican, A. fumi-
gates, A. niger and C. neoformans (MICs = 3.1–12.5 µg/
mL). Lipopeptides with comparatively bulky aliphatic tail 
were found to be more active toward fungal strains. For 
instance, MICs of LP24  (C18-Orn–Orn–Orn–Orn) and LP29 
 (C16-Orn–Orn–Orn–Orn-Orn) showed MICs in the range of 
1.5–3.1 µg/mL against all the tested strains. The most potent 
compound, LP16 showed significant selectivity ratio  (HC50/
MIC) ratio of 500. Compounds with longer aliphatic chain, 
such as LP24 and LP30 suffered from a poor selectivity 
ratio of 20. LP16 an LP23  (C16-Orn–Orn–Orn–Orn) were 
further assayed for their time-kill kinetics. Both LP16 and 
LP23 were able to completely eradicate 7-log reduction of 
S. aureus at 2 × MIC in 3 h, whereas complete killing was 
achieved in 2 h against E. coli. Significantly, both LP16 and 
LP23 did not induce drug resistance in S. aureus even after 
15 rounds of passaging. LP16 was also proven to be stable 
against trypsin for 24 h (Lohan et al. 2013).

Ghosh et al. has designed and synthesized a series of 
ultra-short peptides that only involve the use of one single 
lysine and two lipid tails. In contrast to most of the lipopep-
tides with only one lipid tail, Ghosh reported that two short 
lipid tails instead of a single long one significantly improve 
the membrane selectivity against bacteria. For instance, 
 C8-K-C8 showed similar antibacterial activities to  C16-K, 
but with a better of  HC50 value (108 vs 73 µM). In this 
study,  C8-K-C10, a non-symmetrical analog was identified 
as the most potent compound with MICs of 5–10 µM against 
Gram-positive and Gram-negative bacteria. This compound 
did not induce significant toxicity toward human embryonic 
kidney cells at the minimum bactericidal concentration at 
2 × MIC. Similar to other ultrashort lipopeptides, this com-
pound was also able to depolarize and permeabilize bacterial 
cell membranes. Interestingly,  C8-K-C10 reduced a moderate 
bacterial burden in a mouse burn-infection model. However, 
colistin still showed superior activity against  C8-K-C10, so, 
further improvements against Gram-negative bacteria were 
required (Ghosh et al. 2016).

Domalaon et  al. has investigated the effects of ring 
constraint in the amino acid side chain on the ultra-short 
lipopeptides. Most of the ultra-short lipopeptides possess 
a flexible peptide backbone. Lysine, l-diaminobutyric acid 
(Dab) and l-homoserine (HSe) were selected for amino 
acid with flexible side-chain. To constraint the peptide 
backbone, l-proline with a ring-constrained side chain, 
was used. In this study, l-4R-aminoproline  (Pcat) and 
l-4R-hydroxyproline  (PHyp) were used as conformationally 

constrained analogs of Dab and Hse, respectively. Their 
side chains were constrained in the form of a five-mem-
bered pyrrolidine ring. To further explore the effect of 
increased hydrophobicity, l-4R-hexyloxy-based proline 
analog  (PHex) was also synthesized. All the structures 
of unnatural amino acids used in that study are shown 
in Fig. 6. Nine ultra-short lipopeptides were synthesized 
(Table S3). USCL-K1  (C16-KKKK-NH2) was used as a 
reference peptide. To study how the nature of the lipid 
tail affects the properties of the lipopeptides, 16-hydroxy-
palmitic acid  (C16OH) was conjugated onto ultrashort 
peptides with peptide backbone of KKKK (USCL-K2), 
DabDabDabDab (USCL-Dab2) and  Pcat  Pcat  Pcat  Pcat.
(USCL-Pcat2). All other ultrashort peptides were conju-
gated with palmitic acid. Hse and  Phyp were used to study 
the hydrophobic effects in the peptide sequence. Anti-
microbial assays using a panel of reference and clinical 
Gram-positive and Gram-negative pathogens showed that 
flexible amino acids are beneficial to the activity in com-
parison to a ring-constrained amino acid. For instance, 
USCL-Pcat1 exhibited fourfold higher MIC than its flexible 
analog, USCL-Dab1. This observation was also observed 
for USCL-Dab3  (C16-Dab-HSE-HSE-Dab-NH2) against 
USCL  Pcat3.  C16OH-analogs also showed a decrease of 
antibacterial activity, because of the disturbance within 
lipopeptide hydrophobic domain. Overall, these syn-
thetic ultra-short lipopeptides were more active against 
Gram-positive bacteria. Only USCL-K1 and USCL-
Dab1 exhibited relatively potent MICs against E. coli 
(MICs = 8–16 µg/mL). For example, more hydrophobic 

Fig. 6  Unnatural amino acids used in the study of Domalaon et  al. 
to investigate the effect of amino acid ring constraint on antibacte-
rial activity. Dab l-diaminobutyric acid; HSe l-homoserine; Pcat 
l-4R-aminoproline, PHyp l-4R-hydroxyproline; PHex l-4R-hexyloxy-
based proline analog
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analogs, such as USCL-Pcat4  (C16-PcatPHexPHexPCat-NH2), 
only showed antimicrobial activities against Gram-positive 
bacteria. A possible reason was that the hydrophobicity of 
the peptide was above the threshold to penetrate or interact 
with the outer membrane of Gram-negative bacteria. Cyto-
toxicity studies using LDH assay against human monocytic 
THP-1 cells showed that no cytotoxicity was observed up 
to 20–40 µM. These lipopeptides also did not induce the 
production of the pro-inflammatory cytokines TNF-α and 
IL-1β, thus indicating that these compounds will not medi-
ate an inflammatory response in blood-derived mononu-
clear cells. No significant production of chemokines IL-8 
and Gro-α were observed too (Domalaon et al. 2014).

α,β-Unsaturated γ-amino acids (E-vinylogous amino 
acids) are also geometrically constrained amino acids 
because of the double bond. E-vinylogous amino acids are 
important components of many biological active peptides 
(Linington et al. 2009). They are potential candidates for 
the design of inhibitors of serine and cysteine proteases. 
E-vinylogous amino acids in hybrid peptides tend to adopt 
an extended β-sheet type of structures because of the geo-
metrical constrains of the double bonds. Shankar et  al. 
has designed and synthesized two series of short hybrid 
E-vinylogous lipopeptides containing  C12 and  C8 fatty acids 
(Fig. 7). Antimicrobial assays showed that, except for S7 
 (C12-dgPhe-Lys-dgPhe-Lys, dgPhe = α,β-dehydro-γ-amino 
acid), all peptides displayed useful antimicrobial activities 
against Gram-positive, Gram-negative bacteria and fungal 
strains (MICs = 3.125–12.5 µg/mL). For the hybrid peptide 
with  C8 lipid tail, S8  (C8-dhPhe-Lys-dgPhe-Lys) was the 
most potent compound (1.56–3.12 µg/mL). Control peptides 
with an N-acetyl group and the α-peptide with a  C8-fatty 
acid, showed no activity even at higher concentrations. 
These results suggest that E-vinylogous hybrid lipopeptides 
can be considered as potential antimicrobial candidates. 
Atomic force microscopy revealed that the different nano-
structures and assemblies of these lipopeptides may be influ-
encing the disparity in their biological activities. The hybrid 
peptides with moderate hydrophobicity and high electrical 
potential of self-assemblies showed better antimicrobial and 

low hemolytic activities. Peptides that adopted nanofiber 
structures displayed less hemolytic activity, while peptides 
that adopted nanoneedle structures displayed the highest 
hemolytic activity. The robust growth of nanoneedles from 
the hybrid peptides containing aromatic amino acids may be 
responsible for the disruption of bacterial membranes. Taken 
together, E-vinylogous amino acids shifted the self-assembly 
properties of the lipopeptides, which further affected the 
antimicrobial and hemolytic properties of the hybrid pep-
tides. This provides a unique opportunity to further design 
potent antimicrobial candidates to combat bacterial resistant 
(Shankar et al. 2013).

Greber et al. has synthesized five new lipopeptides with 
double fatty acid chains. The acylation was done at α and 
ɛ positions of a peptide backbone of KKKK with saturated 
fatty acids (Fig. 8). Antimicrobial assay showed that the 
double-chain lipopeptides with fatty acid chains of 10 and 
12 exhibited potent antimicrobial activities against Gram-
positive bacteria (MICs  =  2–16  µg/mL).  C8-,  C14- and 
 C16-conjugated peptides showed much weaker activities 
(MICs = 32–512 µg/mL). All of the lipopeptides synthe-
sized showed much weaker activities against Gram-negative 
bacteria and fungus (MICs = 32–512 µg/mL). Their surface 
active properties were also investigated. As expected, lipo-
peptides with longer hydrophobic chains are more suscep-
tible to aggregation in bulk and showed lower CMC values. 
Overall, double-chain lipidated peptides displayed good anti-
microbial activities against Gram-positive bacteria. How-
ever, their significant haemolytic activity prevented them 
from further consideration (Greber et al. 2014).

Previously, we have discussed lipoamino acid-modified 
anoplin, which enhanced the antimicrobial activity of native 
anoplin while retaining promising membrane selectivity. 
Lipoamino acids are an unnatural amino acid with struc-
tural properties of lipids and amino acids, allowing them 
to be easily incorporated into a peptide sequence. In this 
section, utilization of lipoamino acid in ultra-short peptide 

Fig. 7  General structure of a short hybrid E-vinylogous lipopeptides. 
X is the fatty acid conjugated to the peptide backbone.  AA1 and  AA3 
are dg-amino acids (α,β-dehydro-γ-amino acid).  AA2 and  AA4 are 
L-amino acids

Fig. 8  Molecular structure of lipopeptide with double fatty acid 
chains, N-α-acyl-N-ɛ-acyl lysine analogs. n  =  6, 8, 10, 12 and 14. 
Peptide backbone is KKKK
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is reviewed. Azmi et al. has utilized lipoamino acids with 
12 carbons (LAAs  C12) to modulate the lipophilicity of the 
molecules. Lysine was chosen to represent the cationic resi-
due as it is positively charged at physiological pH. In this 
study, four unnatural ultrashort lipopeptides were synthe-
sized (Fig. 9). Dynamic light scattering showed that all lipo-
peptides formed nanoparticles within the range of 40–80 nm, 
except Lys-LAAs  C12, which had a highly polydispersed 
particle size distribution. Antimicrobial activities showed 
that a single copy of LAAs  C12 was insufficient to generate 
any significant antibacterial activity. Compounds with two 
copies of LAAs  C12 showed potent antimicrobial activities 
against Gram-positive bacteria (MICs = 0.1–7.5 µM). All 
of the peptides were inactive against Gram-negative bacte-
ria (MICs ≥ 30 µM). Double copies of LAAs  C12 could be 
further classified structurally: Linear, branch and cyclic. The 
cyclic compound appeared to be the most effective in com-
parison to its linear or branched counterparts, especially for 
self-assembling lipopeptides with a potent activity against 
multidrug-resistant Gram-positive bacteria (Azmi et al. 

2015). The antibacterial activities of linear and branched 
lipopeptides did not differ significantly across most of the 
tested bacterial strains. Toxicity assay also showed that these 
lipopeptides were non-toxic up to 15 µM. They were also 
stable against trypsin for a prolonged period of time even 
at 12 h. The results are consistent with other reports that 
the use of unnatural amino acids in peptide scaffold often 
increases their enzymatic stability. Transmission electron 
microscopy also revealed they could induce membrane dis-
ruption. Taken together, a branched lipopeptide with two 
lipoamino acids and four cationic moieties demonstrated 
the most potent antimicrobial activity against multidrug-
resistant bacteria (MIC 0.1–0.2 µM) (Azmi et al. 2016a).

Ultra-short lipopeptide could also be conjugated with 
other molecules to enhance antimicrobial properties. For 
example, cationic polyamines spermine, spermidine and 
putrescine are ubiquitous components of eukaryotic and 
prokaryotic cells with multiple roles in modulating func-
tions of DNA, RNA and protein inside cells. These mol-
ecules carry positive charges. Joshi et al. has anticipated 

Fig. 9  Ultra-short lipopeptides involved an unnatural amino acid lipoamino acid (LAAs  C12). The structures were extracted and modified from 
published reports (Azmi et al. 2016a)
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that incorporation of spermidine as a positively charged 
moiety to hydrophobic dipeptides may lead to small pepti-
domimetics with better antibacterial activity. Three differ-
ent types of fatty acids were used as hydrophobic moieties: 
3-(4-hydroxy phenyl)-propionic acid (HPPA), linoleic acid 
(LIN) and stearic acid (STER). For the dipeptide portion, 
three different combinations of tryptophan (W) and ornithine 
(O) amino acids were explored: WW, WO and OO. Taken 
together, a series of compounds (n = 19) with a template 
of hydrophobic-dipeptide-spermidine were synthesized 
and evaluated. Compounds #14–#19 (Table S3) showed 
very promising antimicrobial activities against both Gram-
positive and Gram-negative bacteria. Their MIC ranges 
were 0.88–28.4 µg/mL. Compounds conjugated with HPPA 
were much less active with MICs of ≥56.8 µg/mL. Other 
compounds, without either spermidine conjugates or fatty 
acid moieties, most of them were inactive at highest tested 
concentration of 227.2 µg/mL. SAR analysis revealed that 
a hydrophobicity window of 50–70% with a minimum +2 
charges to be crucial for activity and cell selectivity. These 
compounds showed different extents of membrane perturba-
tion (Joshi et al. 2012).

There are also some synthetic ultra-short peptides that 
possess anti-biofilm activity.  C14-KK and  C14-RRR were 
sufficient enough to make these compounds antimicrobials. 
They also exhibited anti-biofilm properties against clini-
cally relevant MRSA strains, such as S. aureus USA300 
and USA400, which were comparable to daptomycin and 
vancomycin.  C14-RRR was also found to synergize effec-
tively with vancomycin to prevent biofilm formation (Mishra 
et al. 2015). In addition,  C12-OOWW-NH2 was found to be 
very effective against methicillin-resistant S. epidermidis 

(MRSE). At 15.63 µg/mL, a complete eradication of 24-h 
established biofilm of MRSE ATCC35984 was achieved 
within 4 h. A dose-dependent activity was observed as a 
complete eradication was observed within 2 h if the con-
centration increased to 200 µg/mL.  C12-OOWW-NH2 was 
also active to eradicate the biofilms formed by MSSA and 
MRSA. It is also noteworthy that the licensed antimicrobials 
clindamycin, daptomycin, linezolid, tigecycline and vanco-
mycin were unable to completely kill biofilms of MRSA 
(Laverty et al. 2015).

Peptidomimetics

A peptidomimetic is a small peptide-like chain designed to 
mimic a natural peptide. Oligoacyllysines (OAKs) are linear 
peptidomimetics consisting of alternating acyl chains and 
cationic amino acids, a design that prevents the formation 
of stable secondary structure (Radzishevsky et al. 2007). 
The tandem repeats of acyllysines are designed to mimic 
the primary structure and function of natural antimicrobial 
peptides. The basic structure of OAKs could be classified 
into two categories: α-OAKs and β-OAKs (Fig. 10). In this 
review, only the recent sensitization studies involved OAKs 
will be discussed, as other studies of OAKs have been exten-
sively reviewed (Giuliani and Rinaldi 2011). OAK  C12(ω7)
K-β12 rapidly achieved a transient membrane depolarization, 
which deprived bacteria of the proton-motive force required 
for active efflux at sub-MIC level. Targeting membrane 
potential could represent an efficient means to achieve selec-
tive control of cell proliferation, and simultaneously alter a 
wide range of crucial processes that drive their energy from 
the proton-motive force, rendering emergence of resistance 

Fig. 10  Primary structure of 
a α-OAK and b β-OAK. The 
figure was modified from a 
published report (Goldberg 
et al. 2013)
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a difficult task to accomplish. For instance, resistance–nod-
ulation–division (RND) drug efflux pumps depend on the 
proton-motive force as energy source for extruding out from 
the periplasmic space a wide range of substrates, including 
antibiotics. OAKs were able to sensitive erythromycin and 
rifampicin against Gram-negative bacteria both in vitro and 
in vivo. Although the exact depolarization mechanism of 
OAKs is still unknown, it is generally thought that OAK 
increased the access of antibiotic into the cytoplasm and 
inhibited growth. Significantly, PK data also supports that 
required concentrations of OAKs to exert depolarization 
effect could be achieved via subcutaneous administration. 
The results suggested that sensitization property of OAK 
could be a useful approach to expand the currently dwin-
dling antibiotic armamentarium for therapeutic treatment 
of Gram-negative bacteria (Goldberg et al. 2013; Jammal 
et al. 2015).

AApeptides are peptides that contain N-acylated-N-ami-
noethylamino acid units derived from chiral PNA backbones. 
There are two types of AApeptides: α-AApeptides and 
γ-AApeptides, depending on the position of the side chain 
(Fig. 11). AApeptides have identical number of functional 
groups or side groups as conventional peptides of the same 
length. AApeptides are good candidate to develop novel 
antimicrobial agents because of mimicking the structure, 
function and mechanism of AMPs, stability and unlimited 
derivatizing potential. AApeptides are also more flexible in 
their backbone as they have more dihedral angles compared 
to canonical peptides. Biological activities of AApeptides 
could be tuned readily with the introduction of a variety of 
additional hydrophobic building blocks, and the nature of the 
hydrophobic and cationic groups (Niu et al. 2013). In gen-
eral, AApeptides could be classified into three categories: 
α-AApeptides, γ-AApeptides and cyclic AApeptides. The 
design of α-AApeptides is based on the following principles: 
global distribution of cationic and hydrophobic side chains 
is key to antimicrobial activity, a defined secondary struc-
ture is not necessary and the side groups have to segregate 
into hydrophobic and cationic clusters. Thus, α-AApeptides 
building blocks were designed to be either amphiphilic or 
cationic, which were then assembled and lipidated with 

fatty acid to produce lipidated α-AApeptides. Antimicrobial 
assays showed that short lipidated α-AApeptides with 2-mer 
oligomer only were active against Gram-positive bacteria. 
When more building blocks were added (3-mer oligomer), 
the α-AApeptides showed improved antimicrobial activity 
against Gram-negative bacteria. Further addition of more 
α-AApeptides building blocks improved the broad spectrum 
and antimicrobial activities against Gram-negative bacte-
ria. SAR analysis also revealed that both certain degree of 
hydrophobicity has to be reached for the α-AApeptides to 
be active. Lipidation was important to increase the antimi-
crobial activity of lipo-α-AApeptides. For instance, the lipi-
dated 3-mer α-AApeptide already displayed an improved 
activity than the linear 7-mer α1 made from the same build-
ing block, signified that lipidation significantly enhanced 
the antimicrobial properties. In addition, both lipidation and 
addition of more α-AApeptides building blocks increase the 
hydrophobicity of sequences enhance the broad-spectrum 
activity against Gram-negative bacteria. Fluorescence 
microscopy showed that lipo-α-AApeptides were membrane 
targeting (Hu et al. 2012). Lipo-γ-AApeptides also displayed 
similar activity to lipo-α-AApeptides: broad spectrum and 
membrane targeting. A series of lipo-γ-AApeptides were 
synthesized. Almost all the cationic lipo-γ-AApeptides 
were found to be broad spectrum and active against Gram-
negative bacteria. Lipo-γ-AApeptides with negatively 
charged were inactive, which further suggested that elec-
trostatic repulsion with negatively charged bacteria mem-
brane would reduce antimicrobial properties. Compared to 
lipo-α-AApeptides, 1-mer oligomer displayed potent antimi-
crobial activity against Gram-negative bacteria (2.5–35 µg/
mL), provided the alkyl length was >12 carbon units. Con-
jugation with the unsaturated tail to γ-AApeptides would 
have less propensity for aggregation and further improved 
antimicrobial properties and the lipo-γ-AApeptides were 
much less hemolytic. Multi-passage resistance selection 
study also showed that no drug resistance in S. aureus was 
induced even after 17 rounds of testing (Niu et al. 2012). 
Electron paramagnetic resonance spectroscopy showed that 
γ-AApeptides selectively permeate and structurally modify 
negatively charged bacterial-mimic membranes. By contrast, 

Fig. 11  Lipo-AApeptides could 
be structurally classified into 
α-AApeptide and γ-AApeptide. 
α/γ-AApeptide is a hybrid 
formed of AApeptide. AApep-
tide could be modified to cyclic 
peptide too
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cholesterol-containing neutral membranes mimicking mam-
malian cells were minimally affected by the γ-AApeptides. 
γ-AApeptides may disrupt bacterial membrane via a carpet-
like mechanism (Kaur et al. 2016). However, most of the 
lead α- and γ-AApeptides are long sequences and require 
a number of steps to synthesize. To generate short antimi-
crobial peptides with simplified synthetic scheme, Li et al. 
has utilized a hybrid backbone of lipo-α/γ hybrid peptides. 
Antimicrobial assay showed that the short peptidomimetic, 
containing just one γ-AApeptide building block and one 
lysine residue, showed patented antimicrobial activities 
against a panel of pathogens including MRSA, MRSE, E. 
faecalis, P. aeruginosa and E. coli (MICs = 2–5 µg/mL). 
SAR analysis showed that increases in hydrophobicity 
would enhance the antimicrobial activity. In addition, hybrid 
peptides containing two  C16 alkyl chains were not active 
against any bacteria at the highest concentrations tested 
(MIC > 50 µg/mL). The hybrid peptides displayed rapid 
time-kill kinetics against both Gram-positive and Gram-neg-
ative bacteria, mimicking AMP behavior. Similar to α-and 
γ-AApeptides, the hybrid AApeptides also killed bacteria 
via membrane targeting pathway (Li et al. 2014b). As an 
attempt to further improve antimicrobial activities, cyclic 
antimicrobial γ-AApeptides were also designed and synthe-
sized. Cyclic peptides are expected to have improved anti-
microbial activity compared with their linear counterparts, 
as their structures are more rigid, which results in more 
stable amphipathic structures. Cyclic lipo-γ-AApeptides 
exhibited good broad-spectrum activity against a range of 
multidrug-resistant Gram-negative and Gram-positive bacte-
ria (MICs = 1–10 µg/mL). However, in general, cyclic lipo-
γ-AApeptides were more hemolytic compared to the linear 
analogs. Interestingly, these peptides also imitated AMPs in 

their immunomodulatory capabilities. These γ-AApeptides 
have been shown to antagonize the LPS activated NF-κB 
signaling response and suppress harmful pro-inflammatory 
cytokines (Li et al. 2014a). Overall, lipo-AApeptides with 
potent broad-spectrum antimicrobial activities, enhanced 
stability and limitless derivation potential make them a very 
potential candidate to be further developed as therapeutic 
agent to combat with multidrug-resistant pathogens.

Reduced amide-containing peptides have been used 
in peptide sequences to mimic AMPs to improve resist-
ance against proteolytic degradation (Kim et al. 2009). To 
minimize the molecular weight of the reduced –amide-
containing peptide, Teng et al. designed and synthesized 
a series of acylated reduced amide pseudopeptide. The 
general chemical structures of the pseudopeptides used 
in that study are shown in Fig. 12. SAR analysis revealed 
that  R2,  R3 and  R4 have to be hydrophobic moieties to 
exert antimicrobial activities against Gram-positive and 
Gram-negative bacteria. In general, compounds with a 
hydrophilic moiety at  R2 and  R3 positions would reduce 
or diminish antibacterial activity. R1 is a hydrophilic moi-
ety, so the overall structures of the active compounds are 
amphiphilic. In this study, two compounds (Fig. 12) were 
identified as the most potent compound against MRSA. 
Further studies revealed that they are membrane target-
ing antimicrobials, could kill MRSA rapidly and did not 
induce resistance in bacteria. Significantly, they also 
showed anti-inflammatory potential in the MRSA-induced 
pneumonia-bearing rat model. Overall, facile synthesis, 
high cost-effectiveness and the structures are readily tune-
able make them appealing classes of membrane targeting 
antimicrobials (Teng et al. 2016).

Fig. 12  General structure of 
acylated reduced amide.  R1 is a 
hydrophilic moiety while  R2,  R3 
and  R4 are hydrophobic moie-
ties. Moieties used to identify 
two potent compounds are also 
shown
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Multivalent lipopeptides

Defensins show useful antibacterial properties, such as 
rapid time-kill, broad spectrum of activity and low rate in 
selecting resistant mutants in vitro. Our group has identified 
and modified the 10-amino acid long C-terminal analogs 
of human-β-defensin 3 (hBD-3) as an active sequence unit 
or scaffold for multivalent modification via lysine [B2088, 
sequence  =  (RGRKVVRR)2KK] for its antimicrobial 
activity (Liu et al. 2008; Bai et al. 2009, 2012; Zhou et al. 
2011). B2088 exhibits interesting antimicrobial properties 
including rapid killing of bacteria, promising selectivity 
to discriminate the bacterial membrane and low propen-
sity for bacteria to develop resistance. To further improve 
the antimicrobial activity against Gram-negative bacteria, 
two fatty acid tails were conjugated at N-terminal of the 
B2088 to improve the interaction with LPS. In this study, 
the peptide dimers were modified by conjugating fatty 
acids with various numbers of carbons ranging from 2 to 16 
(Fig. 13). Antimicrobial assay showed that peptide dimers 
conjugated with  C8 and  C10 exhibited the most potent activi-
ties  (C8-B2088 and  C10-B2088; MICs = 3–6 µM) against 
Gram-negative bacteria. N-lipidated monomers  (C8-B1088 
and  C10-B1088), exhibited weaker MICs with 6–20 µM 
against P. aeruginosa and E. coli. The results also revealed 
that N-lipidation with ≥14 carbon units generally resulted 
in less activity (MICs = 1.5–>40 µM). Hemolytic activi-
ties also demonstrated no hemolysis was observed up to 
peptide dimers conjugated to carbon unit of 10.  C8- and 
 C10-B2088 were selected for further screening against a 
panel of 10 strains of P. aeruginosa. The MICs measured 

were 1.5–3 µM, which an overall improvement of 80% com-
pared to their non-acylated analog (B2088). Encouragingly, 
 C8-B2088 and  C10-B2088 were also active against a panel 
of carbapenem-resistant Enterobacteriaceae (CRE), with 
MICs of 3–10 µM. In addition,  C8-B2088 also exhibited 
significantly improved bactericidal activity compared to that 
of the nonlipidated form. In addition,  C8-B2088 exhibited 
significantly improved bactericidal activity compared to that 
of the non-lipidated form. 3-log reduction could be achieved 
in 30 min at 2 × MIC. No 3-log reduction was observed 
for non-acylated analog. Biophysical studies revealed that 
N-lipidated peptide dimers showed stronger LPS permea-
bilization, which further induced self-promoted uptake 
to disrupt inner membrane.  C8-B2088 also showed better 
synergistic action. At longer lipid length, self-aggregation 
dominated and therefore poorer antimicrobial activities were 
observed. It is also noteworthy that replacement of valine 
to glycine  [C8-B2099, sequence = (C8-RGRKGGRR)2KK] 
has no significant effects on antimicrobial activities. Taken 
together,  C8-B2088 displayed promising antimicrobial activ-
ity with maximum selectivity. It displayed rapid killing, 
excellent biocompatibility, and synergism with conventional 
antibiotics (Koh et al. 2015).

Multivalent β-Boomerangs are peptides that adopt a boo-
merang-like structure in complex with LPS. β-Boomerang 
was designed de novo as an attempt to disrupt the LPS 
outer membrane as a mode of action (Bhattacharjya et al. 
2007; Bhunia et al. 2009). To further improve the antimi-
crobial properties and LPS neutralization of β-boomerang 
peptide, Mohanram and Bhattacharjya have further modi-
fied the most potent second generation β-boomerang 

Fig. 13  Structures of the 
peptide monomers (B1088 and 
B1099) and their corresponding 
peptide dimers, B2088 (X = V), 
B2099 (X = G) and N-lipidated 
B2088 and B2099
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peptide, YI12WF (sequence = YVLWKRKRFIFI-amide) 
as a starting template. Butanoic acid and octanoic acid 
were acylated at the N-termini. In addition, residue I11 
was replaced by residue cystein to prepare a multivalent 
β-boomerangs linked by a disulphide bridge. To improve 
water solubility, a lysine residue was introduced into the 
cationic loop of the YI12WF, and the new peptide was des-
ignated as YI13C (sequence = YVLWKRKRKFCFI-amide). 
There are three new lipopeptides were used in the study: 
C4YI13C (sequence = C4-YVLWKRKRKFCFI), C8YI13C 
(sequence = C8-YVLWKRKRKFCFI) and C8YI13CAA 
(sequence = C8-YVLAKRKRKACFI). C8YI13CAA was 
designed to investigate the role of aromatic amino acid 
in antimicrobial activity, as alanine residues were used to 
replace tryptophan and phenylalanine residues. Antimi-
crobial assay showed that both C4YI13C and C8YI13C 
improved antibacterial activity of the non-acylated analog 
against Gram-negative bacteria, whereas only C8YI13C 
could improve the antibacterial activity against Gram-pos-
itive bacteria. Poor antimicrobial activity was observed for 
C8YI13CAA against both Gram-positive and Gram-negative 
bacteria, signified that aromatic residues were important in 
determining activity of the β-boomerang peptides. Biophys-
ical studies such as LPS neutralization assay, NPN outer 
membrane permeabilization assay and FITC-LPS dissocia-
tion assay showed that acylated analogs were more active to 
interact and neutralize LPS (Mohanram and Bhattacharjya 
2014).

Kamysz et al. has designed three multivalent peptides 
based on dimerization of peptides via intermolecular 
disulphide bond. In this study, two monomers were used: 
synthetic N-terminal peptide of human LF (sequence: 
ACWQVSRRRRG, designated as peptide I) and a short 
lipopeptide (COO-C12, where O = ornithine, designated 

as peptide III). Then, homo- and heterodimers were cre-
ated by intermolecular disulphide bonds: peptide II and 
peptide IV were homo-dimers of peptide I and peptide III, 
respectively, while heterodimer V was formed by inter-
molecular disulphide bond of monomers peptide I and III. 
Antimicrobial assays were performed against Gram-posi-
tive bacteria, Gram-negative bacteria and fungi. All the 
tested micro-organisms were human pathogens. The results 
show that peptide III was the most effective compound 
(MICs = 2–8 µg/mL), but also the most haemolytic (16 µg/
mL). Both homodimeric forms of peptides I and III exerted 
the same antimicrobial and haemolytic activity as their mon-
omeric forms. Interestingly, heterodimer peptide V exhibited 
similar antimicrobial activities to the peptide III, but it was 
much less haemolytic (128 µg/mL). All compounds were 
relatively inactive against Candida albicans. Taken together, 
heterodimerization of antimicrobial lipopeptides via inter-
molecular disulphide bond might be a powerful modification 
in design of antimicrobial peptides for improved properties 
(Kamysz et al. 2015).

Dendrimer formation is also another approach to obtain 
a multivalent form of peptide. Janiszewska et al. has syn-
thesized a series of dendrimers using the Boc chemistry in 
solution. The structure of the dendrimers used in the study 
is shown in Fig. 14. In general, the dendrimers could be 
classified into two categories: Group A with more branched 
and group B with less branched (Fig. 14). Compounds from 
group A have more branched structure of the amphiphilic 
heads, while compounds from group B have long lipophilic 
arms, terminated with 2-chlorocarbobenzoxy groups (2-Cl-
Z). Two lipid moieties were used in this study: octyl  (C8) 
and dodecyl  (C12) chain length. Antimicrobial assay showed 
that a significant enhancement of antimicrobial potency 
along with increased selectivity against Candida strains 

Fig. 14  Structure of the 
dendrimers designed and 
synthesized by Janiszewska 
et al. The dendrimers could be 
divided into two main groups: 
General structure A with more 
branched and general structure 
B with less branched. General 
structure A was represented by 
a compound with  R1 = 2-Cl-Z, 
 R2 = NH2,  R3 = 2-Cl-Z and 
R4 = NH2; General structure B 
was represented by a compound 
with  R1 = NH2,  R2 = 2-Cl-Z, 
 R3 = NH2 and  R4 = 2-Cl-Z. 
The figure was modified from 
(Janiszewska et al. 2012)
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was detected for derivatives with the  C12 residues (MIC 
7–8 µM). These compounds exhibited similar antimicrobial 
activities against Gram-positive and Gram-negative bacte-
ria as their  C8-analogs. Biophysical analysis showed that 
these compounds induced potassium leakage from fungal 
cells and induced cell death. This was further proven by 
SEM microscopy, which shows that the morphological of 
fungal cells were disrupted. The authors also found that the 
 C12-dendrimers inhibited activity of candida β(1,3)-glucan 
synthase in a concentration-dependant manner (Janiszewska 
et al. 2012).

The summary of structure of the multivalent lipopeptides 
described above is listed on Table S4.

Stapled lipopeptide

Hydrocarbon stapling involves a ring-closing metathesis 
reaction to form a cyclic peptide in between two α-substituted 
non-natural amino acids containing unbranched side chains 
with terminal olefinic groups at i and i + 4 positions. Hydro-
carbon stapling could stabilize a peptide’s secondary struc-
ture, enhance conformational rigidity and enhance peptide’s 
biological function (Schafmeister et al. 2000). Jenner et al. 
has synthesized two stapled lipopeptides analogs (labeled 
as  C5-WWVXARAXRR* and  C6-WWVXARAXRR*), 
based on lipopeptide 1  (C5-WWVAARAARR). In this 
study, their non-stapled analogs with the sequence of 
 C5-WWVXARAXRR and  C6-WWVXARAXRR were also 
studied. Antimicrobial assays showed that both stapled and 
non-stapled analogs exhibited potent antimicrobial activity 
against Gram-positive bacteria. The stapled peptide had a 
slightly enhanced antimicrobial activity (1.25–5 µM) than 
their non-stapled analogs (MICs = 5–10 µM). By contrast, 
the parent peptide, LP1 was inactive against all the bacteria 

studied up to 20 µM. However, none of these peptides were 
active against Gram-negative bacteria up to 20 µM. Both 
stapled and stapled analogs showed low and similar  HC50 
values (3.59–14.5 µM). CD revealed that LP1 adopts a ran-
dom-coil confirmation while only slightly higher β-strand 
characteristics were observed for the stapled peptides in 30% 
TFE. Only little α-helix content was observed. In addition, 
the stapled peptides were also membrane targeting as they 
could disrupt phospholipid membrane. The synthesis and 
the peptides used in this study are shown in Fig. 15 (Jenner 
et al. 2017).

Conclusion

Lipopeptides are very useful molecules as both of their 
fatty acid and peptide moieties could be modified for differ-
ent applications. Particularly, they are potential candidates 
to be used in pharmaceutical, agriculture, plants and food 
industries, where antimicrobial properties are applied. This 
review has described and discussed different designs and 
chemical approaches to obtain potent synthetic lipopeptides 
against a panel of pathogens, such as bacteria, fungi, bio-
film since last 5 years (since 2012). In general, modifying 
a peptide via acylation and lipidation with an appropriate 
lipid length (carbon number 4–14) lead to better antimi-
crobial profile, including improved antimicrobial activity, 
improved antimicrobial spectrum, improved time-kill kinet-
ics, improved anti-biofilm activity, enhanced interaction and 
peptide penetration with bacterial membrane. In addition, 
fluorinated tails did not improve the antimicrobial activi-
ties significantly. The minimal charge required is +2 with 
at least two cationic amino acids in the peptide moiety. The 
exception is the ultrashort peptide designed and synthesized 

Fig. 15  Hydrocarbon-stapling to form cyclic lipopeptide in between two amino acids containing free olefin group at position i and i + 4
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by Ghosh et al., where two lipid moieties are conjugated to a 
single lysine. Hemolytic activity also increases with number 
of hydrophobic residues in the peptide chain, reduced in 
charged and longer lipid moiety. For a more detailed descrip-
tion on the effects of each modification described in this 
review, please refer to Supporting information, Table S1–S4.

Although the number of promising candidates is very 
high and continues to increase, however, several main con-
cerns for the lipopeptides such as systemic toxicity and 
poor pharmacokinetic profiles are still the major limitation 
for them to be applied clinically. Moreover, there are also 
limitations on the bioavailability of lipopeptides as they can 
be degraded easily by the body’s peptidase. Consequently, 
lipopeptides are mainly still limited to topical use (Mandal 
et al. 2013). Moving forward, more studies on development 
of new generation of lipopeptides with improved systemic 
toxicity and bioavailability and PK profiles are extremely 
important and necessary to further broaden the therapeutic 
applications of lipopeptides in the treatment of infectious 
diseases.
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