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Abstract

Antimicrobial peptides are essential components of innate immune systems that protect hosts from 

infection. They are also useful candidates for developing a new generation of antibiotics to fight 

antibiotic-resistant pathogens. Human innate immune peptide LL-37 can inhibit biofilm formation, 

but suffers from high cost due to a long peptide length and rapid protease degradation. To improve 

the peptide, we previously identified the major active region and changed the peptide backbone 

structure. This study designed two families of new peptides by altering peptide side chains. 

Interestingly, these peptides displayed differential potency against various ESKAPE pathogens in 
vitro and substantially reduced hemolysis. Further potency test in vivo revealed that 17tF-W 

eliminated the burden of methicillin-resistant Staphylococcus aureus (MRSA) USA300 in both 

mouse-embedded catheters and their surrounding tissues. In addition, peptide treatment 

suppressed the level of chemokine TNFα, and boosted the levels of chemokines MCP-1, IL-17A 

and IL-10 in the surrounding tissues of the infected catheter embedded in mice. In conclusion, we 

have designed a set of new LL-37 peptides with varying antimicrobial activities, opening the door 

to potential topical treatment of infections involving different drug-resistant pathogens.
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1. INTRODUCTION

The rising crisis of antibiotic resistance is a serious health-related issue because untreatable 

infections lead to a high death rate [1–4]. The ESKAPE pathogens (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 
aeruginosa, and Enterobacter species) can escape the killing of multiple drugs [5]. In 

addition, these pathogens can form biofilms covered with extracellular matrices. 

Conventional antibiotics are not effective in penetrating such biofilm matrices [6–7]. In 

contrast, cationic peptides designed based on naturally occurring antimicrobial peptides 

(AMPs) are effective [818]. According to the antimicrobial peptide database (APD; http://

aps.unmc.edu/AP), such peptides are usually small (10–50 amino acids) and cationic (+1 to 

+7), ideal to target pathogens with anionic membranes [19,20]. Membrane damage is 

difficult to repair, thereby decreasing the likelihood of bacterial resistance [21–23].

Humans also produce innate immune peptides to fend off invading pathogens. Over 100 

human AMPs have been documented [24]. The major members include lysozyme, defensins, 

histatins, cathelicidin, RNases, dermcidin, and antimicrobial chemokines [25–30]. Unlike 

defensins [25], there is only one cathelicidin gene in the human genome. The precusors of 

cathelicidins share a highly conserved N-terminal “cathelin” domain, but the C-terminal 

region encodes a highly variable antimicrobial region [31]. Interestingly, the same human 

cathelicidin precursor can be cleaved into different antimicrobial peptides, such as LL-37, 

ALL-38 and TLN-58, depending on the type of tissues and processing proteases [32–34]. 

LL-37 is one of the widely studied host defense peptides. It displays direct inhibitory 

activity against bacteria, viruses, fungi and parasites [18,21,27]. In addition, LL-37 is known 

to regulate immune response by interaction with various cell receptors [35–37].

The antimicrobial significance of LL-37 to human health is firmly established. It protects 

human urinary tract from infection [38]. Mice are more susceptible to infections when the 

cathelicidin gene is knocked out [39]. To meet the challenge of antimicrobial resistance, 
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there is a great interest in developing human LL-37 into novel antibiotics. However, LL-37, 

with 37 amino acids, is costly to make and the peptide can be rapidly degraded by proteases. 

Multiple labs tried to identify the active regions of LL-37 using both peptide library and 

structure-based approaches [40–50]. For instance, Nell and colleagues used the library 

approach to identify P60.4, a variant of IG-24 (24-residue) corresponding to residues 13–36 

of LL-37 [49]. In 2018, they reported SAAP-148, a modified version of this peptide with 

reduced plasma binding [13]. However, SAAP-148 consists of natural amino acids and can 

be cleaved by host and pathogen proteases. In 2006, we used a structural approach to 

identification of the major antimicrobial region of LL-37 corresponding to residues 17–32 

[50]. GF-17 was obtained by appending a glycine in front of residues 17–32 (i.e., the FK-16 

peptide). GF-17 showed a broad antimicrobial activity with superior antibiofilm activity to 

LL-37 [12]. To improve peptide stability, we subsequently engineered GF-17 into 

17BIPHE2, which retains bacterial killing even in the presence of chymotrypsin [10]. 

17BIPHE2 showed potent antibiofilm activity against S. aureus USA300. When combined 

with antibiotics, 17BIPHE2 demonstrated even better activity against the preformed biofilms 

of P. aeruginosa [11]. However, it is not clear how attachment of aliphatic or aromatic 

moieties to the aromatic ring of phenylalanines of the peptide template will impact peptide 

activity and toxicity. The GF-17d3 peptide template we used here retained two (F17 and 

F27) out of the four phenalalanines of LL-37 and contains three D-amino acids at positions 

20, 24, and 28 (Table 1 as named in LL-37). This relationship between LL-37 and GF-17d3 

is illustrated in the graphic for the Table of Contents. In this study, we designed two families 

of protease-resistant peptides to address this question by replacing F17 and/or F27 with 

various analogs (Table 1). Here we report differential effects of the newly designed LL-37 

peptides on each of the drug-resistant ESKAPE pathogens in vitro. We also report in vivo 
efficacy for one of the peptides in a murine catheter-associated biofilm model against 

methicillin-resistant Staphylococcus aureus (MRSA). Our results indicate that the newly 

designed peptides not only kill bacteria but also regulate immune response in a catheter 

biofilm model.

2. RESULTS

2.1. Role of the fused aromatic and aliphatic moieties in bacterial killing

Our previous simultaneous 96-well plate activity and stability screening led to the 

identification of the GF-17D3 template (Table 1) [50], which is active against E. coli even in 

the presence of chymotrypsin but not active against S. aureus USA300 [10]. This template 

was used to design two families of peptides in Table 1. All the peptides are of high quality as 

indicated by a single HPLC peak (Supporting Fig. S1). Group 1 peptides include 17tF-W 

(also called HC10) [51], 17mF-W, and 17W2. In these peptides, F27 of GF-17D3 was 

replaced with W, while F17 was changed to 4-t-butyl-phenylalanine (tF), 4-methyl- 

phenylalanine (mF), and tryptophan (W), respectively. The second group includes 17tF2, 

17B-tF, and 17BIPHE2. While 17tF2 possesses a 4-t-butyl-phenylalanine at both positions 

17 and 27, the same two positions are occupied by biphenylalanines (B) in the case of 

17BIPHE2 [10]. 17B-tF has a biphenylalanine at position 17 and a 4-t-butyl-phenylalanine 

at position 27 (Table 1). These two groups of peptides enabled us to compare the effects of 
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an aliphatic vs. aromatic moieties attached to the aromatic ring of phenylalanines on peptide 

properties.

The antimicrobial activities of these peptides were evaluated by using the microdilution 

method (Table 2). GF-17 showed higher activity than LL-37 against these ESKAPE 

pathogens. Compared to GF-17, 17W2 showed increased minimal inhibitory concentrations 

(MIC) against most of the pathogens. Substituting F17 with mF17 did not gain activity, 

either. Nevertheless, 17tF-W, with a change of F17 to tF17, showed enhanced activity 

against E. cloacae (MIC 3.1 μM). Moreover, 17tF-W retained the MIC values of 17BIPHE2 

against E. faecium, S. aureus, and P. aeruginosa, although it became 2–4 fold less active 

against K. pneumoniae and A. baumannii (Table 2).

We also compared the antibacterial activity of 17tF2, 17B-tF, and 17BIPHE2. Interestingly, 

these peptides showed identical antimicrobial activity against MRSA, P. aeruginosa, and E. 
cloaca, indicating these appended aliphatic and aromatic portions are equivalent. In the case 

of 17B-tF, there was a two-fold increase in the MIC against E. faecium and A. baumannii 
compared to17BIPHE2. In addition, the activity of both 17tF and 17B-tF against K. 
pneumoniae was four fold less than 17BIPHE2, indicating that the appended aromatic rings 

are more important to kill this pathogen.

We then made a comparison between the two designed peptide groups (Table 1). When 

biphenylalanines were replaced with tryptophans, peptide 17W2 showed reduced activity 

against the ESKAPE pathogens except for E. cloaca (last E in Table 2). Such a difference 

may originate from the aromatic ring differences. Biphenyl, being entirely hydrophobic, 

might be able to better interdigitate bacterial membranes than the amphipathic indole ring of 

W. Also, aromatic side chains of both 17W2 and 17BIPHE2 appeared to be important to 

inhibit K. pneumoniae because those peptides with an aliphatic portion showed decreased 

activity (Table 2). In the case of S. aureus USA300, however, the appended aromatic portion 

did not show any advantage over the aliphatic portion as we observed the same MIC for the 

group 2 peptides (Table 2). Indeed, all these peptides are active against Staphylococcal 

clinical strains, including S. aureus Newman, Mu50, SA546, and UAMS (Table 3). While 

17mF-W and 17W2 showed moderate activity (MIC up to 25 μM), the other four peptides 

were more potent (MIC 3.1–6.2 μM). To further understand the differences of the appended 

aromatic and aliphatic portions, we also compared the killing kinetics of the group 2 

peptides against S. aureus USA300 by colony counting. While 17B-tF and 17BIPHE2 

showed identical killing, 17tF2 was more potent at 120 min (Fig. S2), indicating preference 

of an aliphatic portion at position 17 for MRSA killing. The preference of an aliphatic 

moiety attached to F17 perhaps explains why 17tF-W has broad-spectrum activity against 

the ESKAPE pathogens similar to 17BIPHE2.

2.2. Peptide hydrophobic side chain modification reduced hemolytic activity

We then compared the hemolytic ability of the two groups of designer peptides (Fig. 1). 

17BIPHE2 showed a 50% hemolytic concentration (HL50) of ~180 μM similar to that of 

GF-17 or LL-37 (Table 2). Appending aliphatic sidechains to the phenylalanine ring, 

however, substantially reduced the hemolytic ability of both 17tF2 and 17B-tF (HL50 >440 

μM) in Group 2. When the biphenylalanine at position 27 was changed to Trp, there was a 
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substantial decrease in hemolysis for Group 1 peptides (less than 20% at 440 μM). To shed 

light on this, we also measured the HPLC retention times of these peptides on a reverse-

phase C8 symmetry column. Notably, there is a logarithmic correlation between hemolysis 

at 220 μM and the peptide retention time (correlation coefficient 0.9 in Table S1): the longer 

the retention time (proportional to hydrophobicity), the more toxic the peptide. Taken 

together, our antibacterial and hemolytic assays identified an excellent peptide 17tF-W with 

a desired combination: an aliphatic moiety attached to F17 for antimicrobial potency and an 

aromatic Trp at position 27 for reduced hemolysis.

We also compared the toxic effects of 17tF-W with 17BIPHE2 on other human cell lines, 

including skin, kidney and macrophages. Interestingly, these two peptides showed similar 

LC50 values (the peptide concentration that caused 50% cell death) (Table S2), indicating the 

basis for toxicity to hRBCs differs from that to other human cells. These results underscore 

the importance of the use of different cell lines for a more complete understanding of 

peptide toxicity.

2.3. Effects of proteases on peptide stability

The stability of peptides to proteases is regarded as a critical factor to achieve their 

antimicrobial task in vivo. Although GF-17 is active against various pathogens (Table 1), it 

can be rapidly degraded by proteases [10]. We compared the band intensity of newly 

designed peptides on SDS-PAGE after 24 h incubation with various proteases at 37°C. They 

are all similar to 17BIPHE2 in size at ~ 2 kD (Fig. S3A). It is clear that both 17tF-W and 

17mF-W were stable in the presence of chymotrypsin, S. aureus V8 protease, or fungal 

proteinase K (Fig. 2A). Likewise, 17tF2, 17B-tF, and 17W2 were also stable similar to 

17BIPHE2 (Fig. S3), although they were cleaved by trypsin. To substantiate the stability of 

17tF-W, we also evaluated the antiMRSA activity of the peptide after incubation with 

chymotrypsin for one hour followed by overnight incubation with the S. aureus USA300 

culture. As a control, we also tested GF-17, the natural peptide template for 17tF-W. If the 

peptide is stable, there is no bacterial growth above the MIC. Otherwise, the plate will be 

turbid due to bacterial growth [10]. In the case of 17tF-W, we only saw a small difference in 

the presence of chymotrypsin (Fig. 2B), implying only a minor degradation, leading to a 

two-fold increase in MIC against MRSA only at 3.1 μM. In the absence of chymotrypsin, S. 
aureus USA300 was unable to grow at 3.1 μM of GF-17 (grey curve in Fig. 2C). In the 

presence of the protease, the bacteria grew in all the wells, indicating rapid peptide 

degradation (black curve in Fig. 2C). These experiments established the important role of 

nonstandard amino acids in improving the stability of the new peptides designed based on a 

human LL-37 derived template.

2.4. 17tF-W is effective in membrane permeation

To provide evidence for the mechanism of action of the peptide, we conducted membrane 

permeation experiments. This experiment uses a membrane non-permeable dye such as 

propidium iodide (PI) as an indicator for membrane damage. Without peptide treatment, 

there was no fluorescence increase. Likewise, tobramycin, which binds bacterial 30S 

ribosome, was unable to damage bacterial membranes. However, there was a clear increase 

in fluorescence when the S. aureus USA300 culture was treated with peptide 17tF-W, 17W2, 
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or 17BIPHE2. 17tF-W rapidly permeabilized the membranes of S. aureus in a time-

dependent manner (Fig. 3A green). We also compared the ability of 17tF-W and 17BIPHE2 

in permeating the membranes of a clinical P. aeruginosa strain. Both are potent although 

17BIPHE2 appeared to be slightly more efficient (Fig. 3B). In the case of A. baumannii, we 

found similar membrane permeating abilities for 17B-tF and 17tF2 at 3.1 μM in 10 mM 

PBS, implying their potential use to treat this pathogen (Fig. S4). It appears that tF at 

position 27 is preferred for killing A. baumannii. At the same peptide concentration, 

however, 17BIPHE2 and 17B-tF were most effective to permeate the membranes of K. 
pneumoniae followed by 17tF2 (Fig. S5). These results suggest the importance of a 

biphenylalanine at position 17 to kill this pathogen.

To provide additional evidence for membrane damage, we also used E. coli ML-35p, which 

is constitutive for β-galactosidase expressed in the cytoplasm and produces a β-lactamase in 

the periplasm. This E. coli strain also lacks lactose permease [52]. The measurement of β-

lactamase and β-galactosidase activities thus enables the detection of the outer and inner 

membrane permeabilization simultaneously. The peptide 17W2 is superior to 17tF-W and 

17BIPHE2 in permeating the outer membrane of E. coli (Fig. 3C). In contrast, vancomycin, 

a S. aureus cell wall targeting antibiotic, was unable to. Likewise, 17W2 and 17tF-W 

showed a slightly better permeation of the inner membrane of E. coli than 17BIPHE2 (Fig. 

3D). It appears that the amphipathic structure of the aromatic Trp is better suited for 

permeating the membranes. Collectively, Trp-containing peptides are preferred in membrane 

permeation of E. coli (at least in this experiment) but less toxic to human cells than 

biphenyl-containing peptides.

We also measured membrane potential changes due to membrane depolarization [53] using 

S. aureus USA300. It seems that 17BIPHE2 was more effective than 17tF-W, which is 

similar to the Triton X-100 control (Fig. 4). In contrast, daptomycin was very weak since the 

curve was only slightly deviated from the untreated control close to 60 min. It appears that 

peptide hydrophobicity is important for membrane polarization of S. aureus.

To provide additional evidence for membrane targeting, we also compared the MIC values 

of the peptides using both the wild type and an mprF transposon mutant of S. aureus 
USA300 [54]. This enzyme can modify the membrane surface of S. aureus by transferring a 

cationic lysine to anionic phosphatidylglycerol (PG), making the surface less negatively 

charged. Because most of the antimicrobial peptides are cationic (+2 to +3 in the APD 

database) [19], this bacterial surface modification as a mechanism of resistance could reduce 

peptide potency. We evidenced that the peptide 17tF-W inhibited the growth of both wild 

type and mprF mutant strains at 6.1 μM. Below this concentration, S. aureus USA300 and 

JE2 started to grow, whereas the mprF mutant was unable to (Fig. 5). Thus, electrostatic 

interactions between cationic peptides and anionic membranes play an important role in 

bacterial killing. Likewise, a decrease in the basic charge of the peptide can achieve a similar 

outcome. GF-17 becomes much less active against E. coli when R23 is altered to an alanine 

[55].
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2.5. Assessment of antibiofilm activity of 17tF-W

Most bacteria live in the biofilm form, which is more difficult to kill by conventional 

antibiotics. To evaluate antibiofilm activity, we compared the ability of the designed peptides 

in disrupting the 24 h preformed biofilms of S. aureus USA300 (Fig. 6A) and E. coli ATCC 

25922 (Fig. 6B). In the case of S. aureus USA300 (Fig. 6A), 17tF-W was most potent in 

bacterial killing with a dose-dependent antibiofilm ability starting at a low concentration of 

3.1 μM. This was followed by a known bacterial antimicrobial peptide daptomycin, which 

essentially eliminated biofilms at 6.25 μM. Both 17BIPHE2 and 17W2 became active at 

12.5 μM. In the case of E. coli, all the three peptides showed a dose-dependent antibiofilm 

effect although 17W2 was more effective. In contrast, the antibiotic rifamycin was 

ineffective (Fig. 6B). Fig. 7 shows the confocal laser scanning microscopy images of MRSA 

biofilms treated with 17tF-W at 12.5 μM. The biofilms were stained with a live (green) and 

dead kit (red). Indeed, bacteria in the biofilms were killed (red cells in panel B) as a 

consequence of peptide treatment.

2.6. Peptide efficacy in a catheter associated biofilm mouse model

Because 17tF-W is rather effective in disrupting the S. aureus biofilms in vitro (Fig. 6A), we 

also tested its antibiofilm capability in a murine catheter-associated biofilm model. The S. 
aureus inoculum [1×103 colony forming units (CFU)/mouse] was injected into the lumen of 

the catheter embedded subcutaneously [56]. Without treatment, S. aureus USA300 formed 

biofilms with CFU reached 6–9 logs in tissues and 4–7 logs in catheters after three days. As 

a negative control, S. aureus was not detected in catheter or tissues without bacterial 

infection (Fig. 8A, open dots). Remarkably, daily subcutaneous injections of peptide 17tF-W 

for three days eliminated S. aureus USA300 in both catheters and surrounding tissues at day 

3 (Fig. 8A, green), indicative of peptide potency in vivo.

We also measured the cytokine levels in the tissues surrounding the catheters. At day 3, 

17tF-W suppressed TNF-α (Fig. 8B), induced MCP-1/CCL2 (Fig. 8C), IL-17A (Fig. 8D), 

and IL-10 (Fig. 8E). While MCP-1 is known to recruit monocytes [10], IL-17A is known to 

attract neutrophils and other immune cells to the site of wound infection [57]. Accumulation 

of monocytes, neutrophils and lymphocytes at the infective site produced inflammatory 

responses, which were mediated by cytokine expression. The basis for the anti-inflammatory 

effect of 17tF-W may be due to contributions from several related mechanisms, including 

that of IL-10 [49]. Overall, these results indicate that the 17tF-W is able to kill S. aureus and 

modulates immune responses to clear the bacterial load around the catheter.

3. DISCUSSION

Unlike horse, sheep and cattle, humans possess only one cathelicidin gene. The significance 

of LL-37 in protecting humans from infection is well documented [38,39]. In addition, 

LL-37 is known to have biofilm inhibitory effect [8–18]. The antibacterial and antibiofilm 

properties are determined by the 3D structure of LL-37 [58]. Membrane targeting is 

achieved via a long amphipathic helix covering residues 2–31 [59]. NMR studies also 

reveals that all the four phenylalanines (F5, F6, F17 and F27) are important for targeting 

anionic lipid PG [59]. The segregation of this long helix into two hydrophobic domains due 
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to the deployment of a hydrophilic serine at position 9 on the hydrophobic surface of LL-37 

[59] provides one possible explanation for the synergistic binding of LL-37 to 

lipopolysaccharides (LPS) [60]. Such an LL-37 design appears to be important for host 

defense since an attempt to convert S9 to V9 to make the hydrophobic surface continual led 

to reduced antibacterial activity [61]. This LL-37 structure is responsible for eventual 

membrane disruption by a carpet model or pore formation [62,63].

It is known that antibacterial activity of LL-37 does not require the entire molecule. In fact, 

removal of the N-terminal fragment of LL-37 can enhance peptide activity [48]. While the 

N-terminal fragment LL-23 has poor antibacterial activity [61], the central helix between 

residues 10 and 31 contains the major antimicrobial region [58]. Peptides from this region 

has been widely studied [40–50]. The central region of LL-37 also contains the smallest 

antibacterial peptide KR-12 [59], which has been utilized by several labs to engineer and 

fabricate new peptide antimicrobials [16,64–67]. A recent study designed peptides beyond 

the core region to the N-terminus of the central region [17], while SAAP-148 was designed 

beyond the central region by including the C-terminally disordered tail of LL-37 [13]. We 

demonstrated that, GF-17, a peptide derived from the central antimicrobial region of LL-37, 

is superior to LL-37 in inhibiting the ESKAPE pathogens (Table 2), bacterial adhesion, and 

biofilm formation. It is also more potent in disrupting biofilms [12]. In addition, GF-17 is 

more potent than other LL-37 fragments in inhibiting MRSA, making it an excellent 

template for peptide engineering [10].

17BIPHE2, engineered based on GF-17 to gain stability to proteases [10], has antibiofilm 

capability similar to GF-17 against S. aureus USA300 [12]. This study has further improved 

our understanding by designing new peptides with varying combinations of aliphatic and 

aromatic side chains attached to phenylalanines of GF-17d3. The changes of 

biphenylalanines (17BIPHE2 in Table S1) to tryptophans (17W2) slightly reduced peptide 

activity against the ESKAPE pathogens in most of the cases (Table 1), probably due to a 

decrease in peptide hydrophobicity (Table S1). It is notable that appending an aliphatic 

moiety to phenylalanine clearly reduced the activity of these two peptides against K. 
pneumoniae. These results underscore the significance of 17BIPHE2 in fighting such 

nightmare pathogens, which our society has run short of useful antibiotics. However, 17W2 

showed better antibiofilm activity against E. coli ATCC 25922 than other peptides. We also 

anticipate that 17tF2 is superior to 17BIPHE2 in controlling A. baumannii due to the same 

MIC value (Table 1) but reduced hemolysis of 17tF2 (Fig. 1). To combat P. aeruginosa, we 

previously found a better antibiofilm outcome by combining 17BIPHE2 with antibiotics 

[11]. We propose that both 17tF-W and 17W2 are better candidates to control E. cloacae 
than 17BIPHE2 in terms of potency as well as reduced hemolysis. Significantly, 17tF-W 

gained activity against the MRSA biofilms with reduced hemolysis compared to 17BIPHE2. 

Because 17tF-W and 17BIPHE2 are equally active against E. faecium, we propose that 17tF-

W is a better candidate to combat both MRSA and E. faecium than 17BIPHE2 (Table 1). 

Thus, through our studies, a useful picture starts to emerge that the major antimicrobial 

region of human LL-37 could be tuned to better treat a specific ESKAPE pathogen (Table 2, 

with 3.1 μM bolded). These candidates are highly desirable because they retained the 

activity of 17BIPHE2 against a select pathogen with reduced hemolysis.
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In addition, basic amino acids also play a role in modulating peptide activity. Biophysical 

and molecular simulation studies revealed preferential interaction of cationic LL-37 with 

anionic lipid vesicle models [68–70]. Among the three arginines, only R23 in the central 

antimicrobial region of LL-37 directly interacts with dioctanoyl phosphatidylglycerol [41]. 

Consistent with this observation, our alanine scan and antimicrobial studies reveal that the 

five cationic amino acids in the major antimicrobial peptide GF-17 are not equal and R23 is 

critical in initial recognition, membrane permeation, and bacterial killing [55]. Interestingly, 

R23 in 17BIPHE2 is also important in inhibiting bacteria as well as Zika virus, although 

GF-17 and 17BIPHE2 have different backbone structures [71,72]. This is largely determined 

by the type of the basic amino acid and its interfacial location in the amphipathic structure 

because even a swap of the positions between R23 and K25 can reduce peptide membrane 

permeation ability [73]. In a tryptophanrich peptide, the arginine analog is more effective in 

bacterial killing, but the lysine analog is more active against fungi such as Candida albicans 
[74]. Our study here also validated that deficiency in bacterial anionic lipid modification 

with lysine made MRSA more susceptible to killing (Fig. 6). Taken together, both 

hydrophobic and basic amino acids of LL-37 peptides are key components in determining 

peptide antimicrobial potency as well as toxicity to mammalian cells. Modulation of 

hydrophobicity is a general approach to reducing peptide toxicity [50]. This study presents 

new examples for tuning hydrophobicity.

Our results suggests that 17tF-W is a superior anti-MRSA peptide since it showed 

antibiofilm activity better than daptomycin. In vitro, it also showed a higher membrane 

permeation and biofilm disruption capability than 17BIPHE2. This peptide was less 

hemolytic than 17BIPHE2 and retained the stability to a panel of proteases. 17tF-W used 

less non-standard amino acids, presumably making it less costly to synthesize. Importantly, 

this peptide also demonstrated in vivo efficacy against MRSA in a catheter model, indicative 

of its potential topical applications. In addition, 17tF-W was able to regulate immune 

response presumably to help clear the infection. In conclusion, our newly engineered peptide 

17tF-W gained merits in fighting MRSA-involved biofilm infection compared to 17BIPHE2.

4. CONCLUSION

This article demonstrated successful design of new LL-37 peptides against the ESKAPE 

pathogens, which are responsible for 90% hospital-associated infections. Our study revealed 

one feasible mechanism to modulate the antimicrobial potency of a chymotrypsin-resistant 

peptide template by altering the hydrophobic moieties to achieve optimal inhibition of 

various pathogens. While aromatic moieties are preferred for K. pneumoniae, aliphatic 

moieties at position 17 are effective against S. aureus. In contrast, aliphatic moieties at 

position 27 are preferred for A. baumannii. Also in this template, the Trp indole ring confers 

cell selectivity to peptides and is more effective against E. coli. Such knowledge may be 

harnessed to engineer peptides with desired properties. Collectively, our engineered peptides 

have multiple desired features: broad antimicrobial activity, antibiofilm, poor toxicity, and 

stability to proteases. Therefore, they constitute new candidates for topical use to combat 

resistant infections caused by the ESKAPE pathogens.
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5. Materials and Methods

5.1. Peptides and chemicals

All peptides were chemically synthesized and purified to >95% purity (Genemed Synthesis, 

TX). Mass Spectroscopy and HPLC chromatograms indicate the quality of each peptide. For 

each experiment, fresh peptide stock solutions were prepared using autoclaved distilled 

water, and their concentrations were determined by UV spectroscopy [75]. Other chemicals 

were purchased from Sigma (MO, USA) unless specified.

5.2. HPLC retention time measurements

The retention time of each peptide was measured on a Waters HPLC system equipped with 

an analytical reverse-phase WATERS C8 symmetry column (3.9 × 150 mm). The peptide 

detected at 220 nm was eluted with a gradient of acetonitrile (containing 1% TFA) from 5% 

to 95% at a flow rate of 1 mL/min [76].

5.3. Bacterial strains and growth media

The bacterial strains used in this study included the Gram-positive methicillin-resistant 

Staphylococcus aureus USA300, Enterococcus faecium ATCC 51559, Gram-negative 

isolates Klebsiella pneumonia ATCC13883, Enterobacter cloacae B2366–12, Acinetobacter 
baumannii B28–16, and Pseudomonas aeruginosa PAO1. Also used are clinical strains P. 
aeruginosa #2, S. aureus Newman, S. aureus Mu50, S. aureus SA546, and S. aureus 
UAMS-1. Bacteria were cultivated in tryptic soy broth (TSB) from BD Bioscience MD, 

USA.

5.4. Antimicrobial assays

The antibacterial activity of peptides was evaluated using a standard broth micro-dilution 

protocol with minor modifications [10]. In brief, logarithmic phase bacterial cultures (i.e., 

optical density at 600 nm ≈ 0.5) were diluted to OD600 0.001 using TSB media and 

aliquoted into a 96-well polystyrene microplate at 90 μL per well. After treatment with 10 

μL of peptide solutions two fold diluted to various concentrations, microplates were 

incubated at 37°C overnight and read on a ChroMate 4300 Microplate Reader at 600 nm 

(GMI, Ramsey, MN). The minimal inhibitory concentration (MIC) is the lowest peptide 

concentration that fully inhibited bacterial growth.

5.5. Peptide stability to the action of proteases

Peptide stability was evaluated based on our published protocol [10]. Aliquots (10 μL) of the 

reaction solutions (peptide/ protease molar ratio, 40:1) in 10 mM phosphate buffer saline 

(PBS, pH ~7.4) at 37°C were taken post 24 h incubation and immediately mixed with 10 μL 

of 2× SDS loading buffer followed by boiling for 5 min to stop the reactions. Samples were 

analyzed using 5% stacking/18% resolving tricine gel.

5.6. Effects of chymotrypsin on the 17tF-W peptide activity

Peptide antimicrobial activity was evaluated by incubating the peptide with chymotrypsin at 

40:1 molar ratio for 1 h at 37 °C. Post incubation, the peptides in the presence or absence of 
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chymotrypsin was mixed with bacterial culture and incubated overnight in the same manner 

as described in the antibacterial assays.

5.7. Hemolytic assays

Hemolytic assays were performed as described [76]. Briefly, human red blood cells (hRBCs) 

obtained from UNMC Blood Bank. Blood was washed three times using PBS and diluted to 

a 2% solution (v/v). After peptide treatment, incubation at 37°C for one hour, and 

centrifugation at 13,000 rpm, aliquots of the supernatant were carefully transferred to a fresh 

96-well microplate. The amount of released hemoglobin was measured at 545 nm. The 

percent lysis was calculated by assuming 100% release when human blood cells were treated 

with 1% Triton X-100, and 0% release when incubated with PBS buffer. The peptide 

concentration that caused 50% lysis of hRBCs is defined as HL50.

5.8. Cytotoxicity to other mammalian cells

Peptides were assayed for potential in vitro toxicity using other human cells. Briefly, cells 

were seeded at a density of 3×104 per well in a 96-well plate in DMEM supplemented with 

10% fetal bovine serum (FBS), and incubated at 37°C in a 5% CO2 atmosphere for 24 h. 

Wells were replaced with serum free media and treated with peptides at different 

concentrations for 1 h. After incubation, the cells were washed and incubated with 100 μL of 

DMEM media containing 20 μL of MTS for 2 h at 37°C. Absorbance was measured using 

the above ChroMate microplate reader.

5.9. Membrane permeation assay

The experiment was performed as described previously with minor modifications [71]. 

Serially diluted 10× peptides (10 μL each well) were made in 96-well microtiter plates. 

Propidium iodide (2 μL) at a fixed concentration of 20 μM was added to each well followed 

by the addition of 88 μL of the S. aureus USA300 or P. aeruginosa #2 culture (a final OD600 

~0.1 in 10 mM PBS). The plates were incubated at 37°C with continuous shaking at 100 

rpm in a FLUOstar Omega microplate reader (BMG LABTECH Inc, NC, USA). The 

fluorescence from the plate was read every 5 min for a total duration of 2 h with an 

excitation and emission wavelengths of 584 nm and 620 nm, respectively. Plots were made 

using average values of duplicated experiments with the MARS software (BMG LABTECH 

Inc, NC, USA).

5.10. Ability of peptides to cross the outer and inner membranes of bacterial cells

Membrane permeation experiments were performed using a mutant E. coli strain developed 

by Lehrer and colleagues [52]. Bacteria were grown from a single colony overnight in TSB 

at 37°C. After washing in PBS three times, the culture was diluted to ~106 CFU/mL in PBS 

containing 0.3 mg/mL TSB and was added to all wells in a non-culture-treated polystyrene 

microplate, together with increasing concentrations of peptide solutions (0 to 12.5 μM) in 

phosphate buffer. Each well also contained 30 μM nitrocefin or 2.5 mM ONPG in phosphate 

buffer. Absorbance was followed simultaneously at 490 nm and at 420 nm (these were 

closest to the maximum value that the fixed-wavelength microplate allowed us to use) for 40 
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min at 37°C by using FLUOstar Omega microplate reader (BMG LABTECH Inc, NC, 

USA).

5.11. Membrane depolarization of bacteria

Membrane depolarization was measured as described [53]. In brief, S. aureus USA300 was 

sub-cultured in TSB media to the exponential phase. Cells were then spun, pelleted, washed 

with PBS twice, and re-suspended in twice the volume of PBS containing 25 mM glucose 

for 15 min at 37°C to energize the bacterial cells. For membrane depolarization 

measurements, 250 nM (final concentration) of the dye DiBAC4(3) [bis-(1,3-

dibutylbarbituric acid) trimethineoxonol] (ANASPEC, CA, USA) was added, and vortexed 

gently. The energized 90 μL of bacterial cells was aliquoted in a 96 well microtiter plate 

(Corning COSTAR). The plate was immediately placed in a FLUOstar Omega microplate 

reader (BMG LABTECH Inc., NC, USA) to record readings for 20 min to get dye 

normalization. After 20 min, 10 μL of the peptide solution or positive control Triton X-100 

(0.1%) was added. Fluorescence was read for 40 min at excitation and emission wavelengths 

of 485 nm and 520 nm, respectively.

5.12. Effects on established bacterial biofilms

The anti-biofilm activity of the peptide against 24 h established biofilms was evaluated 

[9,11, 12]. In short, S. aureus USA300 (105 CFU/ mL) was made from the exponential phase 

culture in TSB media and 200 μL was distributed to each well of the microtiter plate 

(Corning Costar Cat No. 3595). The plates were incubated at 37°C for 24 h to form biofilms. 

Media were then pipetted out and the attached biofilms were washed with 1× PBS to remove 

the planktonic bacteria. Each well of the plate was then filled with 20 μL of 10× peptide 

solution and 180 μL of fresh TSB media and the plates were further incubated at 37°C for 24 

h. Media were then pipetted out and the wells were washed with 1× PBS. Biofilms treated 

with water served as a positive control while media without bacterial inoculation served as 

the negative control. Live cells in the biofilms were then quantitated using XTT [2,3-bis (2-

methyloxy-4-nitro-5sulfophenyl)-2H-tertazolium-5-carboxanilide] assay by following the 

manufacturer’s instructions with modifications. 180 μL of fresh TSB and 20 μL of XTT 

solution was added to each well and the plates were again incubated at 37°C for 2 h. 

Absorbance at 450 nm (only media with XTT containing wells served as the blank) was 

obtained using a ChromateTM microtiter plate reader. Percentages of biofilm growth with 

and without peptide treatment were plotted by assuming 100% biofilm growth achieved on 

the bacterial wells without peptide treatment.

5.13. Assessment of peptide antibiofilm activity using confocal imaging

S. aureus USA300 (105 CFU/ mL) was made from an exponential phase bacterial culture. To 

the glass slide chambers (Borosilicate cover glass systems, Nunc Cat. No: 155380) 2.0 mL 

of the culture was added and incubated at 37°C for 24 h to allow biofilm formation. Media 

were aspirated and chambers were washed with 1× PBS to remove non-adhered cells. To test 

the peptide effect on the preformed biofilms, 200 μL of peptide 10× stocks was added to 1.8 

mL of TSB. Control cuvettes were treated with water instead of peptide. The cuvettes were 

further incubated for another 24 h at 37°C. The next day the supernatant was pipetted out 

and the chambers were washed with 1× PBS. The biofilms were stained with 10 μL of the 
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LIVE/DEAD kit (Invitrogen Molecular Probes, USA) according to the manufacturer’s 

instructions. The samples were examined with a confocal laser-scanning microscope (Zeiss 

710) and the data were processed using the Zen 2010 software.

5.14. Catheter-associated biofilm mouse model

The animal studies were performed by following protocols and guidelines approved by the 

Institutional Animal Care and Use Committee (IACUC) of the University of Nebraska 

Medical Center (UNMC). On the study termination day, animals were euthanized humanely 

using CO2 followed by harvesting the catheter and surrounding tissues for laboratory 

analysis. All efforts were made to minimize animal pain and suffering.

Female C57BL/6 mice (8 weeks old) were purchased from Charles River. Animals (5 per 

cage) were kept in entilated cages (IVCs) at temperatures of 20–24°C, humidity of 50–60%, 

60 air exchanges per hour and a 12/12-hour light/dark cycle. Mice were fed with 

standardized food (Teklad Laboratory diet for rodents) and water (Hydropac® Alternative 

Watering System) from an animal’s ad libitum (free feeding). All materials, including IVCs, 

lids, feeders, bottles, bedding, and water, were autoclaved before use. Experimental and 

control mice were kept in IVCs under a negative pressure under the conditions stated above. 

All animal manipulations were conducted in a class II laminar flow biological safety cabinet.

Compound potency was evaluated as described [10, 77]. On the day of infection, mice were 

anesthetized using ketamine/xylazine (100/10 mg/kg). A small incision was made on the left 

flank region of the mouse using a small blunt spatula, a pouch was made for catheter 

insertion. Sterile catheters with a length of 1 cm were inserted into the pouch aseptically. 

The cut was sealed using wound closure VetBond glue. S. aureus USA300 LAC (20 μL with 

103 CFU/catheter) was injected into the lumen of the catheter. Two, 24, and 48 hours post 

infection, peptide (250 μg) was injected (250 μL in and around the catheter lumen, 50 μl per 

site). Mice were allowed for full recovery from anesthesia in an oxygen-enriched chamber. 

Three days after infection, untreated and treated animal groups were CO2 euthanized and the 

tissues around the catheter were harvested along with the catheter. The catheter was 

sonicated (15 minutes, 37 kHz) to release the bacteria in biofilms and the tissue was 

homogenized. Appropriate dilutions were made for plating onto the blood agar plates, which 

were incubated at 37°C overnight. The CFU of each mouse was plotted as an individual dot 

and error bars represent the deviation within the experimental group. Statistical significances 

were determined by the Mann-Whitney test (*, p<0.05 and **, p <0.01).

5.15. ELISA quantification of cytokines in animal tissues

Enzyme-linked immunosorbent assay (ELISA) development kits for detection of cytokines 

were purchased from Biolegend (San Diego, CA, USA). The animal skin tissues were 

homogenized and centrifuged at 13,000 rpm for 10 minutes. The supernatants were removed 

and stored at −80°C. Cytokines [TNF-α, interleukin (IL)-17, IL-10 and MCP-1] in the 

supernatants were examined using ELISA as described by the manufacturer. Cytokine levels 

were derived from the standard curve and expressed as mean ± SD. Plots were generated 

using Prism 7.0, Graphpad software and a p value <0.05 was considered significant.
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5.16. Statistical analysis

Data analysis was performed using the Prism Version 7.0 software (GraphPad). Data were 

represented as mean ± SD from two independent experiments. The significance between two 

groups was determined by two-tailed unpaired student t tests in vitro and Mann-Whitney test 

in vivo. The p value < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. A peptide of LL-37 is more potent against resistant pathogens, including 

biofilms.

2. The peptide template is engineered into protease-resistant peptides.

3. Aromatic and aliphatic moieties are useful factors to modulate peptide 

activity.

4. One designed peptide shows in vivo efficacy in a catheter mouse model.
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Figure 1. 
Cytotoxicity of the peptides to human red blood cells (hRBCs). Changes of peptide side 

chains can drastically reduce their hemolysis.
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Figure 2. 
(A) LL-37 designer peptides to the action of proteases. The peptides 17tF-W and 17mF-W, 

after incubation with different proteases for 24 h at 37°C, were subjected to SDS-PAGE 

analysis: Lanes 1 & 6, the untreated peptides; 2 & 7, chymotrypsin (C) treated; 3 & 8, 

trypsin (T) treated; 4 & 9, S. aureus V8 (V8) protease treated; 5 & 10, fungal proteinase K 

(P) treated. (B,C) Effects of Chymotrypsin on peptide activity. GF17 (A), the major 

antimicrobial region of LL-37, and its engineered peptide 17tF-W (B) were exposed to 

chymotrypsin at a peptide: chymotrypsin molar ratio of 40:1 and incubated for 1 h at 37°C. 

Subsequently, the peptide solutions with (+C) and without (-C) chymotrypsin were mixed 

with the S. aureus USA300 culture exactly as in the microdilution antibacterial assays and 

incubated overnight. The curves represent the means of duplicate experiments ± standard 

deviation.
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Figure 3. 
Measurement of membrane integrity using a non-permeable dye: (A) S. aureus USA300 

treated with various peptides at 3.12 μM and (B) P. aeruginosa treated at 1.56 μM of 

peptides; Simultaneous probing permeation of the (C) outer (OM) and (D) inner membranes 

(IM) of E. coli ML35p by 17tF-W and other peptides (1 cycle = 3 min). The peptides treated 

at 6.25 μM and the absorbance are recorded for 40 min. There is an increase in absorbance 

in both cases relative to the untreated bacteria (red). Experimental data processed, and 

plotted using Graphpad prism 7 software.
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Figure 4. S. aureus USA300 membrane depolarization by 17tF-W, 17BIPHE2, and daptomycin 
treated at 12.5 μM.
Triton X-100 (0.1%) was used as positive control. RFU = Relative Fluorescence Unit.
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Figure 5: Comparison of antimicrobial activity of 17tF-W on membrane mutant and wild type 
strains.
Antibacterial assay using the wild type JE2 and mprF transposon mutant treated with various 

concentration of 17tF-W. The plot represents the mean ± SD of samples using Prism7, 

GraphPad software.
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Figure 6. 
Disruption of 24 h established biofilm of (A) S. aureus USA300 and (B) E. coli ATCC 

25922 by newly designed LL-37 peptides. Determination of the anti-biofilm ability of 

peptides when compared with daptomycin and rifamycin. The live cell counts in biofilms 

were determined by XTT assay. A two-tailed unpaired student t test was conducted with a p 

value < 0.05 being considered statistically significant.
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Figure 7. 
Antibiofilm activity of the LL-37 engineered peptide 17tF-W against the 24 h established 

biofilms of S. aureus USA300 assessed by confocal laser scanning microscopy using live 

and dead staining: (A) control biofilms without peptide treatment and (B) biofilms treated 

with 17tF-W at 12.5 μM. Live cells are green (A), while dead cells are red (B).
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Figure 8. Antibiofilm efficacy of 17tF-W in a murine catheter-associated S. aureus USA300 
infection model.
(A) animals (n=5) without infection and without peptide treatment, animals with infection 

but without peptide treatment (n = 8 for the control group merged from two experiments), 

and animals infected and treated with 17tF-W. Cytokine levels with and without peptide 

treatment for (B) TNF-α (C) MCP-1, and (D) IL-17A, and (E) IL-10 in catheter-associated 

tissue homogenates. The plots, made using Prism software Graphpad 7, represent the 

averages of the experimental groups. P <0.05 is considered to be statistically significant 

(determined by Mann-Whitney test).
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Table 1.

Amino acid sequences of the LL-37 derived peptides

Peptide Sequence Notes

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES FK-16 underlined;

GF-17 GFKRIVQRIKDFLRNLV-amide G+FK-16=GF-17

GF-17d3
1 GFKRlVQRlKDFlRKLV-amide I20L and I24L; l is a D amino acid;

Group 1

17tF-W GX1KRlVQRlKDWlRKLV-amide l is a D amino acid; X1=4-t-butylphenylalanine

17mF-W GX1KRlVQRlKDWlRKLV-amide l is a D amino acid; X1=4-methylphenylalanine

17W2 GX1KRlVQRlKDWlRKLV-amide l is a D amino acid

Group 2

17tF2 GX1KRlVQRlKDWlRKLV-amide l is a D amino acid; X1 = X2 =4-t-butylphenylalanine

17B-tF GX1KRlVQRlKDWlRKLV-amide l is a D amino acid; X1 = biphenylalanine; X2 = 4-
tbutylphenylalanine

17BIPHE2 GX1KRlVQRlKD X2lRKLV-amide l is a D amino acid; X1 = X2 = biphenylalanine

1
First reported in ref [50].
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Table 2.

Minimal inhibitory concentrations (μM) of the designed peptides against the ESKAPE pathogens

Peptide E 
1 S K A P E HL50

LL-37 
2 6.25 >50 6.25 >50 >50 50 170

GF-17 3.1 3.1 3.1 3.1 12.5 3.1 180

17tF-W 3.1 3.1 12.5 6.25 6.25 3.1 >440

 17mF-W 12.5 12.5 25 6.25 25 6.25 >440

17W2 6.25 6.25 6.25 12.5 25 3.1 >440

17tF2 6.25 3.1 12.5 3.1 6.25 6.25 >440

17B-tF 6.25 3.1 12.5 6.25 6.25 6.25 >440

 17BIPHE2 3.1 3.1 3.1 3.1 6.25 6.25 180

1
E: E. faecium ATCC 51559; S, S. aureus USA300; K, K. pneumoniae ATCC 13883; A, A. baumannii B28–16, P, P. aeruginosa PAO1; E, E. 

cloacae B2366–12.

2
MIC were determined in 10% tryptic soy broth (TSB).
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Table 3.

Antimicrobial activity of the designed peptides against clinical strains of S. aureus

Peptide Minimal inhibitory concentration (MIC, μM)

S. aureus Newman S. aureus Mu50 S. aureus SA546 S. aureus UAMS-1

LL-37
1 >50 >50 NA >50

GF-17
1 1.6 1.6 NA 3.1

17tF-W 3.1 6.25 3.1 3.1–6.25

 17mF-W 25 25 12.5 12.5

17W2 12.5 12.5 6.25 6.25–12.5

17tF2 3.1 6.25 3.1 3.1

17B-tF 6.25 3.1–6.25 3.1 3.1

 17BIPHE2 3.1 3.1–6.25 3.1 3.1

1
Data from ref. [12] determined in 25% TSB. NA: not assayed.
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