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11 Graphical abstract

12 Highlights 

13  PA1 (non-active PA) displayed synergistic antibacterial activity against E. coli in combination 
14 with Vancomycin.
15  PA2 and PA3 showed broad-spectrum antibacterial activity against both Gram-positive and 
16 Gram-negative strains.
17  PA2 and PA3 were not susceptible to development of bacterial resistance over a period of 21 
18 days.
19  PA1, PA2 and PA3 presented low cytotoxicity against HEK-293 cells.
20  Preliminary in vivo studies showed over 60% of G. mellonella survival after treatment with PA2.
21

22 Abstract

23 Gram-negative strains are intrinsically resistant to most antibiotics due to the robust and impermeable 
24 characteristic of their outer membrane. Self-assembling cationic peptide amphiphiles (PAs) have the ability 
25 to disrupt bacteria membranes, constituting an excellent antibacterial alternative to small molecule drugs 
26 that can be used alone or as antibiotic adjuvants to overcome bacteria resistance. PA1 (C16KHKHK), self-
27 assembled into micelles, which exhibited low antibacterial activity against all strains tested, and showed 
28 strong synergistic antibacterial activity in combination with Vancomycin with a Fractional Inhibitory 
29 Concentration index (FICi) of 0.15 against E. coli. The molecules, PA2 (C16KRKR) and PA3 
30 (C16AAAKRKR), also self-assembled into micelles, displayed a broad-spectrum antibacterial activity 
31 against all strains tested, and low susceptibility to resistance development over 21 days. Finally, PA1, PA 
32 2 and PA3 displayed low cytotoxicity against mammalian cells, and PA2 showed a potent antibacterial 
33 activity and low toxicity in preliminary in vivo models using G. mellonella. The results show that PAs are 
34 a great platform for the future development of effective antibiotics to slow down the antibiotic resistance 
35 and can act as antibiotic adjuvants with synergistic mechanism of action, which can be repurposed for use 
36 with existing antibiotics commonly used to treat gram-positive bacteria to treat infections caused by gram-
37 negative bacteria.  

38



39 1. Introduction

40 Antibiotic resistance still remains one of the greatest health concerns globally, and it has become 
41 an even more serious threat following the COVID-19 pandemic. According to a CDC report from 20221, 
42 the COVID-19 pandemic caused a huge impact in antibiotic resistance due to a lack of data reporting for 9 
43 pathogenic threats and an increased number of antibiotic prescriptions for patients (even though antibiotics 
44 are not effective for viruses). Out of the 18 most serious antibiotic-resistant threats listed, 10 are gram-
45 negative strains.2 For example, the available data show an increase of 78% Carbapenem-resistant 
46 Acinetobacter infections, 35% of Carbapenem-resistant Enterobacteriaceae, 14% of Vancomycin-resistant 
47 Enterococci, and 13% of Methicillin-resistant Staphylococcus aureus compared to the 2019 CDC data.1 
48 This problem is exacerbated by the fact that many large pharmaceutical companies are no longer investing 
49 as much in antibiotic R&D.3 According to the latest WHO report, only 2 out of 27 antibiotics under 
50 development against WHO bacterial priority pathogens meet at least one criteria of innovation or are active 
51 against multidrug resistant gram-negative bacteria. To make this situation even more concerning, nearly 
52 80% of the newly approved antibiotics belong to the existing class of antibiotics which bacteria already has 
53 developed resistance.4  Thus, there is an urgent need for alternative strategies to treat bacterial infections.

54 Gram-negative bacteria are protected from external agents by the presence of the outer membrane 
55 (OM) barrier and efflux mechanism. The outer membrane is an asymmetrical lipid bilayer composed of 
56 highly packed lipopolysaccharides (LPS) and negatively charged phospholipids which form a robust barrier 
57 that is effective at preventing the accumulation of drugs. Antibiotics with activity against gram-negative 
58 bacteria are essentially limited to small and hydrophilic drugs with MW lower than 600 Da that can cross 
59 the membrane via porins.5, 6, 7 Moreover, these membrane characteristics make gram-negative bacteria 
60 intrinsically resistant to antibiotics8, limiting the options available to treat these pathogens. In addition to 
61 innate resistance, bacteria can also develop resistance against antibiotics via different mechanisms. One of 
62 the approaches to overcome this problem includes chemical perturbation or disruption of the outer 
63 membrane, allowing the accumulation of antibiotics traditionally active against gram-positive bacteria to 
64 permeate inside gram-negative bacteria.9, 10

65 For example, combinations of pentamidine, an antiprotozoal agent used to treat pneumocystis 
66 pneumonia, trypanosomiasis, and leishmaniosis, with antibiotics such as minocycline, linezolid, 
67 valnemulin, and nadifloxacin have shown enhanced activity against multidrug-resistant bacteria including 
68 Escherichia coli, Acinetobacter baumannii, Pseudomonas aeruginosa, Klebsiella pneumoniae.11 
69 Pentamidine also potentialized novobiocin in a dose-dependent manner against colistin-resistant A. 
70 baumannii in a murine model.10 However, the toxicity of pentamidine is a big concern. Patients treated with 
71 pentamidine often develop nephrotoxicity, hypotension, hypoglycemia, hepatic dysfunction, QT 
72 prolongation and leucopenia.12, 13 

73 There are also some literature reports showing an increase in efficacy and slow development of 
74 resistance when antibiotics are combined with molecules that potentiates their activity.15-21 For example, 
75 cyclic amphiphilic peptides combined with tetracycline, tobramycin, clindamycin, kanamycin, 
76 levofloxacin, polymyxin B, metronidazole, and vancomycin have been shown to display synergistic 
77 antibacterial activity against S. aureus, P. aeruginosa, E. coli and K. pneumoniae.14 Antimicrobial peptides 
78 have been reported to synergize with vancomycin against gram-negative bacteria.15 Peptidomimetics16, cell-
79 penetrating peptides17, small molecule,18 and synthetic polymers19,20 also have been reported to enhance the 
80 antibacterial activity of existing antibiotics against multidrug-resistant pathogens. These membrane-active 
81 compounds are often cationic and/or amphiphilic, and the biggest limitation is their toxicity12 (ability to 
82 disrupt host cell membranes), and poor pharmacokinetics properties including low availability and 
83 metabolic stability.21 



84 Overall, Peptide Amphiphiles (PAs) make an excellent candidate as novel antibiotics and antibiotic 
85 adjuvants because they are biocompatible, are less likely to be immunogenic22 due to use of proteinogenic 
86 amino acids, have structural similarities to endogenous peptides, and they are likely to have increased 
87 metabolic stability (when compared to linear antimicrobial peptides) due to the presence of an hydrophobic 
88 tail and self-assembly into nanostructures.23,24,25 Still, one of the biggest challenges of antibacterial PAs is 
89 the cytotoxicity against mammalian cells and red blood cells.  Cytotoxicity toward these cells have been 
90 linked to the overall hydrophobicity and the length of the alkyl tail,26, 27 , but the use of drug combinations 
91 is a great approach to overcome the cytotoxicity of these lipopeptides due to significantly lower 
92 concentrations needed for antibacterial activity.

93 Aiming to improve specificity of these PAs as antibacterial and antibacterial adjuvants, we 
94 designed and synthesized a small library of novel PAs with hexadecanoyl (C16) hydrophobic tails with 
95 various basic amino acids (positively charged) residues to target bacteria membranes. According to our 
96 previous report, C16 tail has showed better selectivity against bacterial strains.27 We also designed PAs 
97 containing octadecanoyl (C18) hydrophobic tails with shorter side chain basic amino acids to decrease the 
98 overall hydrophobicity of the PA molecules. We determined the morphology of the self-assembled 
99 nanostructures by Transmission Electron Microscopy (TEM). To address whether PAs present antibacterial 

100 activity and would synergistically enhance efficacy and availability of antibiotics to reduce bacteria 
101 resistance and cytotoxicity, we conducted antibacterial assays to determine Minimum Inhibitory 
102 Concentration (MIC), checkerboard assays to study synergy between PAs and antibiotics to determine FICi, 
103 Propidium Iodide (PI) uptake to study inner membrane permeability, and bacteria resistance assays to study 
104 the antibacterial activity of the assemblies alone and in combination with other antibiotics. We also studied 
105 the cytotoxicity of the PAs in HEK-293 and red blood cells and performed a preliminary investigation of 
106 in vivo antibacterial efficacy using G. mellonella. 

107

108 2. Materials and Methods

109 2.1. Synthesis of Peptide Amphiphiles (PAs): The PAs were synthesized using standard Fmoc Solid Phase 
110 Peptide Synthesis (SPPS) according to procedures published in a previous report (Supporting Information 
111 (SI1).28 PAs were prepared either manually or  using a Alstra Biotage microwave peptide synthesizer in a 
112 0.3 mmol scale using rink amide resin (AAPPTEC). The Fmoc-Rink Amide MBHA Resin was purchased 
113 from AAPPTEC (Louisville, KY) and the FMOC L-amino acids and coupling agents including N,N'-
114 Diisopropylcarbodiimide (DIC) and N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium 
115 hexafluorophosphate (HBTU) were purchased from AAPPTEC and Novabiochem (MilliporeSigma). Other 
116 solvents and reagents including dichloromethane (DCM), dimethylformamide (DMF), N,N-
117 Diisopropylethylamine (DIPEA)and 4-methylpiperidine were purchased from Fisher Chemicals 
118 (ThermoFisher Scientific). The chemical structure of the molecules was confirmed by MALDI-TOF-MS 
119 (SmartFlex bench top MALDI-TOF MS Bruker and Bruker’s Autoflex maX MALDI-TOF/TOF). The 
120 products were purified using a preparative reverse phase high-performance liquid chromatography (RP-
121 HPLC; Agilent) in a C18 column as the stationary phase of 5 μm, 100 Å pore size, and 150 × 21.1 mm 
122 (Phenomenex) with a gradient of ACN/H2O (containing 0.1% of trifluoroacetic acid - TFA). The purity of 
123 the new PAs was confirmed by an analytical HPLC instrument using a C18 column at a wavelength of 220 
124 nm with a linear gradient of ACN/H2O (0.1% TFA) from 5 to 95% for 30 min. The pH of the water solution 
125 was adjusted to 7 and then lyophilized using a Labconco FreeZone Benchtop Freeze Dryer. All PA samples 
126 were self-assembled in ultrapure water at 1 mg/mL and the pH was adjusted to 7.  The solutions were heated 
127 to 70˚C for 2 h and incubated at r.t. overnight before testing.
128



129 2.2. Zeta Potential: The PA samples were prepared at 1mg/mL concentration, the pH was adjusted to 7 by 
130 addition of HCl or NaOH), annealed at 80 °C for 2 hours, and aged overnight. Before the experiment, the 
131 PA solutions were diluted to 250 µg/mL in HPLC grade water. Zeta Potential was determined using a 
132 Zetasizer NanoZS (Malvern Instruments) at 25 °C. For bacteria assays, S. aureus JE2 and E. coli K12 were 
133 cultured in Muller−Hinton broth (MHB) to mid logarithmic-phase (OD. ~ 0.8). . Bacteria cells were washed 
134 and resuspended in PBS to 5 ×107 colony forming unit per mL (CFU/mL) and treated with PAs at 10  ×
135 MIC for 1 h before the zeta potential measurements. Polymyxin B and Daptomycin were used as standard 
136 drugs and bacteria cells without treatment were used as negative control.

137 2.3. Transmission Electron Microscopy (TEM): The PAs were dissolved in HPLC grade water to give a 
138 final concentration of 2 mM and pH was adjusted to 7, which is near physiological pH. Our previous study 
139 have shown that salt concentration (lower than 1M concentration) has a minimal effect on the morphology 
140 of similar structures in this manuscript (i.e,  C16K2 and C16K3).

29 In addition, we have reported that self-
141 assembly in different conditions (e.g. changing counter ion) has no effect on the antimicrobial activity of 
142 PAs.27 The samples were incubated at room temperature overnight before the experiments. Approximately, 
143 6μL of the sample was applied onto a copper grid and allowed to absorb for 5 min, covered with a folded 
144 piece of filter paper like a tent. The excess PA was removed from the grid by inverting the forceps and 
145 touching only the edge of the grid to a clean piece of the filter paper. Then, 6μL of the negative stain 
146 (NanoVan) was added for 30 seconds. The excess stain was removed, and the PAs were imaged with a FEI 
147 TEcnai G2 Spirit transmission electron microscope (120 kV), and an AMT digital imaging system.
148
149 2.4. Minimal Inhibitory Concentration (MIC): The MICs were determined using the broth microdilution 
150 method as previously described.27 Bacterial cultures were made by the direct colony suspension method to 
151 1.5 ×108 colony forming unit per mL (CFU/mL) (0.5 McFarland) and diluted in Muller−Hinton broth 
152 (MHB) to a final concentration of ∼105 CFU/mL. A stock solution of each PA to be tested was prepared in 
153 HPLC grade water at 1mg/mL concentration and pH was adjusted to 7. The dilutions were made in MHB 
154 (100 µL per well), in 96-well plates (Greiner, Bio-One), after that, each well was inoculated with 10 μL of 
155 bacterial cultures and plates were incubated for about 20-24 h at 37 °C. The lowest concentration of PA 
156 that inhibits bacterial growth was considered the MIC. The optical density (O.D.) was recorded using an 
157 AccuSkan, MultiSkan FC (Thermo Fisher Scientific) at 600 nm. Vancomycin and Gentamicin were used 
158 as positive controls and media was used as negative control. Samples were tested in triplicate. 1% 2,3,5-
159 Triphenyltetrazolium chloride (TTC) solution was used to stain for easier visualization. 

160 2.5. Checkerboard Assay: E. coli K12 and A. baumannii clinical strain (deidentified strain collected in the 
161 clinical microbiology laboratory at Nebraska Medicine) were grown overnight to mid logarithmic phase 
162 (OD. ~ 0.8) in MHB medium and diluted in MHB to ∼105 CFU/mL. Antibiotic synergy was determined 
163 using checkerboard broth microdilution assays with two-fold serial dilutions of antibiotics (Rifampicin and 
164 Vancomycin) across the 96-well plate (Greiner, Bio-One), (horizontal) and two-fold serial dilutions of PAs 
165 down the plates (vertical) to final volumes of 100 μL. After the serial dilutions were made, 10 µL of bacteria 
166 culture were added to each well and the plates were incubated for 20-24h at 37 °C. The O.D. was recorded 
167 with an AccuSkan, MultiSkan FC (Thermo Fisher Scientific) at 470 nm. Fractional inhibitory concentration 
168 index (FICi) was calculated according to the following equation (equation 1):

169

170 𝐹𝐼𝐶𝑖 =
𝑀𝐼𝐶𝑎𝑐
𝑀𝐼𝐶𝑎  +

𝑀𝐼𝐶𝑏𝑐
𝑀𝐼𝐶𝑏 = 𝐹𝐼𝐶𝑎 + 𝐹𝐼𝐶𝑏



171 where MICa is the MIC of compound A alone; MICac is the MIC of compound A in combination with 
172 compound B; MICb is the MIC of compound B alone; MICbc is the MIC of compound B in combination 
173 with compound A; FICa is the FIC of compound A; FICb is the FIC of compound B. Synergy as defined 
174 as an FICi of ≤0.511, Additive and indifference was defined as an FICi of 0.5–411 and Antagonism was 
175 defined as an FICi of ≥4.11 

176 2.6. Bacteria Resistance Studies: The resistance induction studies were performed in S. aureus JE2 and E. 
177 coli K12 using broth microdilution method after 21 passages following procedures described in the 
178 literature.30,31 and the MIC values were assessed after every passage. 21 days is an appropriate time frame 
179 because of the fast cell division of bacteria. For example, others have investigated the development of 
180 bacteria resistance against antibacterial nanoparticles over periods of 5-15 days.32 On day 1, the MIC value 
181 for the PAs was assessed using the MIC assay method described above. On day 2-21, the MIC assays for 
182 PAs and vancomycin were performed with at least 3 concentrations above and 3 concentrations below 
183 previous MIC values (1/8 MIC, 1/4 MIC, ½ MIC, MIC, 2xMIC, 4xMIC, and 8xMIC). The bacteria 
184 suspension at the sub-MIC concentration from the previous day was diluted to 1.5 ×108 colony forming 
185 unit per mL (CFU/mL) (0.5 McFarland) in MHB. The bacteria culture was further diluted in MHB to a 
186 final concentration of 1.5 105CFU/mL and 100 μL was added into the serial-diluted assay plate ×
187 containing the PAs. The plate was incubated at 37 ̊C for 20-24 h, and1% TTC solution was used to stain 
188 for easier visualization. The MIC tests were repeated for 21 days.

189 2.7. Propidium iodide (PI) uptake: E. coli K12 cells were grown in MHB to the mid logarithmic-phase and 
190 the bacterial cells were separated by centrifugation at 5000 rpm for 15 min and washed twice with HyClone 
191 Dulbecco’s phosphate buffered saline (PBS) solution (GE Healthcare Life Science). Bateria cells were 
192 diluted to 106 CFU/mL using 5 mM HEPES buffer + glucose. Bacteria suspensions containing 2 mM of PI 
193 were incubated at 37 °C for at least 15 mins before treatment withPAs and antibiotics. . In a 96-well plate, 
194 40 µL of PAs andVancomycin at different concentrations (1/8 MIC, 1  MIC, and 2  MIC) and the PA-× ×
195 Vancomycin drug combination (1:1 ratio of PA-Vancomycin) were added to each well. Then, 160 µL of 
196 PI-stained bacteria solution was added to each well. Polymyxin B was used as a reference drug (positive 
197 control) and cells with no antibiotic treatment were used as a negative control. The PI fluorescence was 
198 measured using a spectrofluorometer (SoftMax Pro7.1 and SpectraMax M5e) with excitation and emission 
199 wavelengths set at 535 nm and 615 nm, respectively.

200 2.8. Scanning Electron Microscopy (SEM): S. aureus JE2 and E. coli K12 were grown in MHB at 37 °C 
201 and the resultant mid-log phase culture was diluted in PBS (GE Healthcare Life Science) to a final 
202 concentration of 1.5 ×108 CFU/mL. The bacteria cells were treated with PA2 at twice the MIC value and 
203 then incubated for 2 hours at 37 °C. Untreated cells (with no PA added) were used as a control. After the 
204 incubation, the bacteria cells were washed three times with PBS and the samples were fixed in a solution 
205 of 2.0% (v/v) glutaraldehyde and 2% (v/v) of paraformaldehyde in phosphate buffer (0.1 M, pH 6.2) for 24 
206 hours at 4 °C. The samples were placed on glass chips coated with 0.1% poly-L lysine, allowed to adhere 
207 for 30 min and then washed three times with PBS.  After fixing, samples were treated with a 1% aqueous 
208 solution of osmium tetroxide for 30 min to aid in conductivity. After that, samples were dehydrated in a 
209 graded ethanol series (50, 70, 90, 95 and 100% EtOH solutions). Then, samples were critical point dried 
210 and attached to aluminum SEM stubs with double-sided carbon tape. Silver paste was applied to increase 
211 conductivity. The following day, samples were coated with ∼50 nm gold–palladium alloy in a Hummer VI 
212 Sputter Coater (Anatech USA) and imaged at 30 kV in a FEI Quanta 200 SEM operating in high vacuum 
213 mode.
214
215 2.9. Cytotoxicity: HEK-293 cells were cultured using ATCC protocols at 37°C in a humidified environment 
216 with 5% CO2 and passages 3-8 were used for all the experiments. The assays were carried out in sterile 96-



217 well flat-bottomed polystyrene microtiter plates (Greiner, Bio-One). Plates containing 100 μL of cell 
218 suspension (5×104 per well) in each well were preincubated for 24 h at 37 °C in a humidified environment 
219 with 5% CO2. In the following day, the PA samples were serial diluted in a new 96 well plate. The old 
220 media was then replaced by the PA solutions and incubated for 24 h. Samples were run on each plate in 
221 triplicate and the final concentrations of PAs ranged from 8 to 256 μg/mL. The plates were further incubated 
222 with 50 μL XTT reagent (0.5 mg/mL) at 37 °C for 4h. The absorbance of the solution was determined at 
223 600 nm using a multiwell plate reader AccuSkan, MultiSkan FC (Thermo Fisher Scientific).
224

225 2.10. Hemolysis Assay: The cytotoxicity against human red blood cells was adapted as described by Nielson 
226 et al 2021. Fresh human red blood cells (hRBCs) were washed three times with PBS buffer, centrifuged at 
227 500 x g for 5 min, decanted, and then resuspended in PBS to a concentration of 0.5 x 108 cells/mL. PA 
228 stock solutions were prepared in ultrapure water at concentrations ranging from 16 to 1024 μg/mL and 25 
229 µL were added to a 384-well plate.  Then, 25 uL of cell suspension in PBS was added to each well to a final 
230 concentration of 0.25 x 108 cell/mL. The plate was then shaken for 10 minutes on a microplate shaker before 
231 incubation at 37°C in 5% CO2 for 60 min, and the cells were pelleted by centrifugation at 1000 x g for 10 
232 minutes. Lastly, 25 μL of the supernatants were transferred to a new 384-well plate, flat-bottomed plastic 
233 384-well plate and the concentration of hemoglobin was determined by measuring the OD at 405 nm using 
234 a BioTek Synergy LX plate reader. The absorbance of the supernatants of cells incubated with 5% Triton 
235 X-100 (positive control) were considered 100% hemolysis, ultrapure water was used as a negative control.
236
237 2.11. pH-Dependent Cytotoxicity Assay: HT-29 cells (ATCC HTB-38) were cultured in McCoy’s 5a 
238 Medium Modified (ATCC 30-2007) with 10% fetal bovine serum and 1% penicillin/streptomycin. 100 μL 
239 of HT-29 cell suspension was added to each well of sterile, polystyrene 96-well plates (Nunclon - Delta 
240 Surface treated) at a concentration of 150,000 cells/mL (15,000 cells/well) and incubated at 37°C in 10% 
241 CO2 for 24 hours. Following the 24-hour incubation, the culture media was removed and replaced with 
242 either 100 μL of fresh media (pH 7.4) or acidified media (pH 6.5). The acidified media was prepared by 
243 adding MOPS (3-(N-morpholino)-propanesulfonic acid; Alfa Aesar J62840; CAS 1132-61-2) to reach a 
244 concentration of 20 mM, and then lowering the pH to 6.5 using HCl. Stock solutions of the treatment 
245 peptides were prepared at 5 mg/mL in deionized water. From the stock solution, treatment concentrations 
246 were prepared using 2-fold dilutions with the respective treatment media (pH 7.4 or pH 6.5), ranging from 
247 7.8 μg/mL -500 μg/mL. Water was used as a negative control and Triton-X 100 (Fisher Bioreagents BP151-
248 500; CAS 9002-93-1) was used as a positive control. Cells were incubated at 37°C in 10% CO2 for 24 
249 hours. Following this incubation period, the media was removed from the wells, each well was washed with 
250 100 μL of PBS (phosphate buffered saline; Corning 21-040-CV), and then fresh media (pH 7.4) was added 
251 to the wells. The cytotoxicity was measured using an MTT assay kit. 10 μL of 12 mM MTT solution was 
252 added to each well, and then cells were incubated at 37°C in 5% CO2 for 4 hours. 100 μL of SDS-HCl was 
253 then added and mixed before incubating again at 37°C in 5% CO2 for 4 hours. Wells were then mixed, and 
254 absorbance was read at 570 nm using a BioTek Synergy LX plate reader.
255
256 2.12. In vivo Antibacterial Studies: Galleria mellonella were purchased from Bestbait (Lakeside 
257 Marblehead, OH, USA) and maintained on wood chips in the dark. And all assays were followed by the 
258 published protocol.33 Five to nine larvae with a mass of ~160-190 mg each, without darkening of the cuticle, 
259 were selected for each step in the procedure. The bacteria suspension was injected into the last left proleg 
260 (Hamilton neurons syringe 25 µL, 33-gauge, point style 4, angle 12˚). The larvae were incubated at 37˚C 
261 for 2-4 days and mortality was recorded daily. Determination of bacterial infection: To determine the 
262 bacterial infection, 10 µL of various concentrations of MRSA JE2 (1.5× 107 cfu and 1.5× 108 cfu) were 
263 injected and incubated for 2 days at 37 ˚C to mimic infection in humans. An infective dose of bacteria was 



264 determined to cause 60-80% lethality within 48 h, but not 100% lethality within 24 h. In vivo Toxicity 
265 testing procedure: Based on the OECD guidelines, the acute toxicity testing was started by injecting five 
266 larvae with the initial dose of a 25 mg/kg. The toxicity testing was continued by retesting at the same dose 
267 on new cohort of larvae, if less than 40% lethality was achieved. The experiment continued until a toxic 
268 dose was established. In vivo Antibacterial efficacy assay: First, 10 µL of bacteria at the pre-determined 
269 infective dose were injected into the last left proleg and incubated for 2h. After incubating, 10 µL of PA 
270 compound or antibiotic was injected to the last right proleg and returned to incubation at 37 ˚C. The 
271 mortality was recorded daily for 4 days. Vancomycin was used as a positive control. Infected animals 
272 without treatment were used as negative control and animals injected with PBS only were also used as a 
273 control.

274 3. Results and Discussion

275 3.1. Design and characterization of the PAs 

276 According to our previous report27, the antimicrobial activity and cytotoxicity of PAs are strongly 
277 correlated to the length of their hydrocarbon chain. PAs containing an 18-carbon long hydrophobic tail 
278 displayed greater antimicrobial activity but also high cytotoxicity against human cells (including HEK-293 
279 and red blood cells) than the counterparts with shorter alkyl tails. The 16-carbon length PAs showed a 
280 diminished antibacterial activity but lower toxicity against human cells compared to their 18-carbon 
281 counterparts. Aiming to develop more selective PAs and further study the effects of the 16-carbon length 
282 hydrophobic tail in the antibacterial activity of these peptides, we designed cationic PAs with a 16-carbon 
283 hydrophobic tail while varying their amino acid sequence.  In particular, we studied Lysine (Lys), Arginine 
284 (Arg), Histidine (His), and Tryptophan (Trp). Lys, Arg are known as important cationic amino acids that 
285 interact with negatively charged lipids present in bacteria membranes34 and replacement of Lys with His 
286 residues have shown decreased cytotoxicity while maintaining antibacterial activity.35 Trp residues are 
287 known to facilitate bacteria membrane disruption and improve the activity of antimicrobial peptides due to 
288 its hydrophobic characteristics. Trp interacts with the interface region in the membrane, helping the peptide 
289 to anchor to the bilayer surface.36 We also designed PAs containing a 18-carbon length tail to 
290 diaminopropionic acid (Dap). Dap is a non-proteinogenic amino acid, with shorter side chain (1 methylene 
291 unit, less hydrophobic) than Lys. This amino acid has a pKa ~ 6.0 which will be deprotonated at 
292 physiological pH. However, there is most likely a small variation since the pKa values for amino acids can 
293 vary depending on the chemical environment and proximity to the core of the nanostructure, similar to the 
294 shifts of pKa that happens in folded proteins.37, 38 The structure of the designed PAs, the morphology of the 
295 self-assembled structures they form, and their physical chemical properties are summarized in Table 1.

296 Table 1: Sequence, morphology, and physicochemical properties of PAs

PAs Sequencea Morphology by TEM Charge at 
pH 7b

Charge at 
pH 5.5 b

Zeta Potential 
(mV)c

Retention 
Time (min)d

PA1 C16KHKHK Spherical micelles +3 +5 15.8 ± 1.9 13.4
PA2 C16KRKR Spherical micelles +4 +4 15.0 ± 8.8 13.8
PA3 C16AAAKRKR Spherical micelles +4 +4 10.8 ± 6.4 14.3
PA4 C16KKKWW Amorphous +3 +3 47.0 ± 2.0 15.2
PA5 C16FFFKKKK Nanofibers +4 +4 11.9 ± 3.9 16.2
PA6 C18Dap5 Spherical micelles   0 +5 13.7 ± 2.4 14.6
PA7 C18AADap3 Spherical micelles   0 +3 10.3 ± 3.2 15.9
PA8 C18HHDap3 Spherical micelles   0 +5 30.4 ± 3.6 14.4
PA9 C18RRDap3 Spherical micelles +2 +5 30.1 ± 4.4 14.6

297 aLysine (K, Lys), arginine (R, Arg), phenylalanine (F, Phe), alanine (A, Ala), histidine (H, His), tryptophan 
298 (W, Trp), Dap (DAP (2,3-diaminopropionic acid), hexadecanoic acid (C16) and octadecanoic acid (C18). 



299 bEstimated charges based on pKa values for individual amino acids. cAqueous solution of 250 µg/mL 
300 concentration at pH 7. d Retention time obtained from RP-HPLC analysis using a linear gradient method of 
301 ACN:H20 containing 0.1% TFA (0-100% 20 mins). 
302
303 The chemical structures, mass spectra and purity of the compounds can be found in the Supporting 
304 Information (SI1). The morphology of the self-assembly nanostructures was assessed by transmission 
305 electron microscopy (TEM) and shown in Figure 1 and Figure SI5. As expected, PA1, PA2, PA3, and PA6, 
306 PA7, PA8 and PA9 self-assembled into micelles, a morphology driven by the hydrophobic collapse of the 
307 tails and the repulsion between the charged residues.39 PA2 formed micelles with 7 +/-1 nm width. The size 
308 of the other nanostructures could not be determined because they were too small for accurate measurement 
309 with our instruments. . Interestingly, we expected that PA3 would self-assemble into fibers due to Ala 
310 residues adjacent to the hydrophobic tail that have propensity to for β -sheets. A possible factor that leads 
311 to the formation of micelles instead of nanofibers could be related with the ionic strength and strength of 
312 the intramolecular bonding39 since both hydrophobic interactions and hydrogen bonding are present in the 
313 same molecule, the decreased ionic strength increase the electrostatic repulsion of the charged residues40 
314 favoring the formation of micelles. PA3 only contains 3 Ala residues, which is not enough to produce 
315 sufficient H-bonds to offset the electrostatic repulsion. According to previous report, the formation of fibers 
316 is favored by 4 amino acid residues forming β-sheet hydrogen bonds close to the core.41 This could also be 
317 observed in PA7, which contain 2 Ala residues and self-assemble into micelles (Table 1). PA4 did not self-
318 assemble into nanostructures possibly due to the bulky Trp residues being placed in the C-terminus of the 
319 peptide structure. The lack of backbone H-bonding and the electrostatic repulsions near the hydrophobic 
320 portion could be other factors influencing the formation of well-defined nanostructures. PA5 self-assembled 
321 into nanofibers with ~ 9 nm of diameter, due to the π-π stacking of the phenylalanine residues, which also 
322 works as a promoter for both α-helix and β-sheet. Thus, a better ability for fibril formation is achieved when 
323 compared to PA5. TEM images for selected PAs are shown in Figure 1, while the rest of the other TEM 
324 images can be found in the supporting information (SI 5).
325
326

327

Figure 1. Morphology of PA 1, PA 2, and PA 3 assemblies observed by TEM. PA was prepared at 1 mg/mL in 
HPLC grade water, annealed, and aged overnight before imaging. Scale bar 100 nm. All these three PAs formed 
6-7 nm diameter spherical micelles. 

328
329
330 Charge and hydrophobicity have been described to be important for antimicrobial activity of 
331 peptides. The positive charge facilitates the interaction with the slightly negative bacteria membrane and 
332 the hydrophobic alkyl chain permeates it, potentially leading to membrane damage. We studied the zeta 
333 potential to determine surface charge and hydrophobicity of the PAs and the values are shown in Table 1. 
334 All peptides showed positive zeta potential values ranging from +10.3 to +47 mV. PA3, PA5, PA6 and PA7 



335 are considered nearly neutral with zeta potential values around + 10 mV.  PA6 and PA7 are composed by 
336 Dap as a cationic residue which is not expected to be protonated at pH 7, which is consistent with the lower 
337 zeta potential values. The relatively smaller zeta potential values of PA2, PA3, and PA5 indicate a weaker 
338 electrostatic repulsion between individual PA molecules that can be related to their morphology. PA2 and 
339 PA3 self-assembled into small spherical micelles and some aggregation can be observed from TEM, 
340 indicating the tendency for particles to come together. Meanwhile, the entangled PA5-fibers suggest fiber-
341 fiber attraction, probably due to the compromise  repulsion  due to intermolecular π-π interactions and H-
342 bondings.42 High repulsive forces between adjacent PA fibers could discourage any lateral 
343 assembly/entangle/aggregation.43 PA4, PA8 and PA9 had large positive zeta potential values being 
344 considered strongly cationic. The zeta potential results for PA4 could be explained by the fact this peptide 
345 is not self-assemble into nanostructures having all the positive charged residues exposed to the solvent.  We 
346 also determine the relative hydrophobicity of the PAs using RP-HPLC, retention times are listed in Table 
347 1. As expected, PAs with a C18 alkyl chain were among the most hydrophobic PAs showing higher 
348 retention time in between 14.44 and 16.19 minutes. PA4 and PA5 have a C16 alkyl chain but displayed a 
349 higher hydrophobicity due to the presence of Phe and Trp residues.  

350

351 3.2 PAs shown potent broad-spectrum antibacterial activity against all the strains tested

352 The antibacterial activity of the PAs against gram-negative and gram-positive strains was 
353 determined using the broth microdilution method. MIC values are summarized in Table 2. PA2 and PA3 
354 displayed potent antibacterial against all tested strains with a geometric mean of MIC values of 6 µg/mL 
355 and 7 µg/mL respectively (MICs ranging from 4-8 µg/mL). These PAs are formed by cationic amino acids, 
356 Lys and Arg residues are known to have an important role in the activity of Antimicrobial Peptides (AMPs), 
357 and they can form hydrogen bonds, electrostatic interactions, and cation-  interaction facilitating the 𝜋
358 interaction with negatively charged lipids such as lipopolysaccharides and phospholipids in the bacteria 
359 membrane.44

360 The order of increased zeta potential is as follows: PA7 ˂ PA3 ˂ PA5 ˂ PA6 ˂ PA2 ˂ PA1 ˂ PA9 
361 ˂ PA8 ˂ PA4 (Table 1). The most active peptides, PA2 and PA3 (in bold) have small Zeta Potential values 
362 of 15.0 mV and 10.0 mV, respectively (Table 1). PA1 has a slightly greater Zeta Potential compared to PA2 
363 and also a lower antibacterial activity, suggesting that there is a smaller range of values that correspond to 
364 biological activity. Another important characteristic of these active peptides is their self-assembling 
365 morphology. PA2 and PA3 self-assembled into micelles, and these results support our previous findings 
366 that the antibacterial activity is also dependent of the morphology of the nanostructures with micelles 
367 demonstrating more potent antibacterial activity compared to nanofibers.27 Our proposed mechanism of 
368 action is that micelles disassemble in contact with bacteria membrane and the hydrophobic moiety of single 
369 molecules interact with bacteria membrane and penetrating the lipid bilayer leading to membrane damage. 
370 Thus the stability of the nanostructure also plays an important role since micelles in general are less stable 
371 compared to nanofibers.27 The zeta potential experiments are an important tool to determine not only the 
372 nanostructure surface charge and propensity to form aggregates but also the stability of the nanoparticles.45 
373 The smaller zeta potential (generally smaller than +/- 30 mV) values of these peptides indicate low physical 
374 stability of the nanostructures which can be related with their potent antimicrobial activity. A recent study 
375 investigated the relationship between physical properties and antimicrobial activity of PAs, their findings 
376 indicate that less stable nanofibers disassemble in solution resulting in higher antibacterial activity in 
377 contrast to more stable nanofibers, which can attach to the bacteria membrane but do not have the ability 
378 permeate the membrane leading to lower antibacterial activity. 46 Together, these findings further support 
379 our proposed mechanism of action of PA micelles. 



380 The order of increasing relative hydrophobicity of the designed PAs determined by RP-HPLC is as 
381 follows:  PA1 ˂ PA2 ˂ PA3 ˂ PA8 ˂ PA9 ˂ PA6 ˂ PA4 ˂ PA7 ˂ PA5 (Table 1). The most active PAs, 
382 PA2 and PA3 were among the less hydrophobic PAs with retention times of 13.8 and 14.3 min, respectively. 
383 This data also suggests that there is a hydrophobicity range ideal for antibacterial activity. It is worth 
384 mentioning that PA5 and PA6 are within the zeta potential range for antibacterial activity between ~10-15 
385 mV, but they were more hydrophobic than PA2 and PA3, thus falling outside of the hydrophobicity range 
386 (~ 13-14 min) for the antimicrobial activity. This high hydrophobicity might be linked to their lower 
387 antibacterial activity. 

388 Table 2: Minimum Inhibitory Concentration (MIC) of PAs against selected bacteria strains

MIC (µg/mL)
PAs Sequence

Eca Abb Sac Sad Sae G.M.

PA1 C16KHKHK   32   64   64  32 n.e. 45.
PA2 C16KRKR     4     8     4    8    8   6.
PA3 C16AAAKRKR     8     4     8    8    8   7.
PA4 C16KKKWW 128   64 128  32 n.e. 76.
PA5 C16FFFKKKK   64   64   64  64 n.e. 64.
PA6 C18Dap5   32   64   32  16 n.e. 32.
PA7 C18AADap3   32   64   32  64 n.e. 45.
PA8 C18HHDap3   64   64   64  32 n.e. 54.
PA9 C18RRDap3   32   32   32  16 n.e. 27.
Vancomycin n.e. n.e.  0.5    1     2
Gentamicin     1     1 n.e. n.e. n.e.

389 n.e.= not evaluated aEscherichia coli K12, bAcinetobacter baumannii (patient isolated from Nebraska 
390 Medicine), cStaphylococcus aureus JE2 MRSA, dStaphylococcus aureus 13C MRSA, eStaphylococcus 
391 aureus LAC MRSA. G.M.=geometric mean.

392 The PAs containing His and Dap in their sequence, PA1 and PA6-PA9, demonstrated moderate to 
393 lower antibacterial activity with higher MIC values ranging from 16 to 128 µg/ml. His (pKa~6.347-6.548 and 
394 Dap (pKa~6.349) has a neutral side chain at pH 7 with overall charge of these peptides ranging range from 
395 0 to +3, which could explain their lower antibacterial activity. The antimicrobial activity of His rich peptides 
396 is reported to be enhanced by acidic pH environments.50,48 The pH sensitive peptides can be extremely 
397 beneficial clinically because it potentially restricts the antibacterial activity to certain compartments of the 
398 cellular environment (i.e., acidified phagosome) or certain tissues and organs. This approach can potentially 
399 increase selectivity of the peptides since the excessive net charge is reported to cause cytotoxicity,51 
400 Leveraging pH sensitive peptides is a great opportunity to develop future pH-dependent drug delivery 
401 systems with synergistic mechanism of action. Moreover, the replacement of Lys and Arg with Dap in the 
402 polar face of AMPs is reported to eliminate lysis of human red blood cells while maintaining the 
403 antibacterial activity.52 We evaluated the antimicrobial activity of PA1, PA2, PA7-PA10 at pH 5.5 against 
404 S. aureus JE2 and E.coli K12, however the difference in MIC values were generally small- either equal or 
405 1 fold-increase in activity compared to the MIC at pH 7.0 (Supporting Information SI6), and these small 
406 differences likely have minimal physiological relevance. We were expecting a better antimicrobial activity, 
407 especially for PA7 and PA9, which are completely neutral at pH 7 and have a +5 charge at pH 5.5. However, 
408 we now believe that the short side chain of Dap (1-carbon length) is less available to bind and interact with 
409 negative charge lipids in the membrane, thus not leading to an increased antibacterial activity. This is also 
410 known as “snorkel effect”, which explains that longer aliphatic side chain (i.e. lysine and arginine) of the 
411 positive charged residues are able to insert deeply into the lipid membrane while still interacting with 



412 negatively charged lipid membrane on the surface53, 54. Together, our findings and data in the relevant 
413 literature explain the relatively poor antibacterial activity of PA7, PA8, PA9 and PA10.

414 Tryptophan has been reported to enhance antibacterial activity of peptides due to its hydrophobic and bulky 
415 side chain that facilitates the binding of the peptide to the lipid bilayer via interactions with the interfacial 
416 area of the cell membrane, therefore we would expect that PA5 would present antibacterial activity55. The 
417 positively charged Lys residues in the PA5 are (most likely) less available to interact with LPS in the 
418 bacterial membrane because they are placed between the long hydrocarbon chain and two bulky tryptophan 
419 residues, making it more difficult to target the membrane via electrostatic interactions. In addition, PA5 
420 does not self-assemble into a well-defined nanostructure. Together, our findings suggest that the 
421 antibacterial activity is not only related to the proper balance of charge and hydrophobicity, the amino acid 
422 composition, the morphology of self-assemble and the stability of these nanostructures most likely also 
423 play an important role in their interaction with bacterial membrane.

424 Lastly, we tested the ability of PA2 to inhibit the formation of biofilms and disrupt biofilm. PA2 was not 
425 able to disrupt pre-formed S. aureus JE 2 biofilms at the MIC, 2 times MIC and 4 times MIC concentrations, 
426 however PA2 was able to inhibit the formation S. aureus JE 2 biofilm at MIC concentration (Methods and 
427 results are described in the Supporting Information SI7). 

428 3.3. PA1 potentiates the activity of vancomycin against E. coli leading to a synergistic antibacterial 
429 activity

430 We tested some selected PAs based on their antibacterial activity, in combination with Rifampicin and 
431 Vancomycin to evaluate synergistic antibacterial activity using a checkerboard assay. Drug combinations 
432 with FICi  below 0.5 indicates a synergistic antibacterial effect and FICi between 0.5 to 4 indicates an 
433 additive or indifferent effect11. To be considered a good antibiotic adjuvant candidate, it should exhibit a 
434 synergistic effect with antibiotics with FICi below 0.5 associated with a low antibacterial activity (higher 
435 MIC value) of the antibiotic alone.

436 Rifampicin is a lipophilic drug and a potent antibiotic that inhibits the synthesis of RNA by binding 
437 the DNA-dependent RNA polymerase56, and it is not typically used against gram-negative bacteria due to 
438 limitations in the membrane permeability. Figure 2 shows the checkerboards of PA2 and PA3 in 
439 combination with Rifampicin against E. coli and A. baumannii. PA2 and PA3 alone displayed antimicrobial 
440 activity against E. coli and A. baumannii, as described previously, with MICs ranging from 4-8 µg/mL 
441 (Table 2). Thus, if rifampicin shows increased antibiotic activity against gram-negative bacteria in 
442 combination with PAs, then it would likely suggest synergistic or additive activity due to PA-induced 
443 membrane permeability. Rifampicin (MIC=8µg/mL against A. baumannii and E.coli ) presented a 2-fold 
444 increase in antibacterial activity against A. baumannii in combination with PA2 and PA3 with FICi of 0.75, 
445 whereas rifampicin displayed an 8-fold increase in antibacterial activity against E. coli when in combination 
446 with PA3 and PA4 with FIC of 0.67, indicating an additive effect or “no interaction” between these drugs.57  
447 In general, the outer membrane permeabilizer compounds that potentiate the activity of gram-positive 
448 antibiotics in gram-negative strains present very low or no antibacterial activity alone58, a well-known 
449 example is the Polymyxin B nonapeptide (PMBN) which possess a very low antibacterial activity alone but 
450 is able to potentiate the antibacterial activity of several antibiotics against gram-negative bacteria including 
451 Rifampicin.59 Thus, the “no interaction” between PA2 and PA3 with rifampicin could be explained by the 
452 fact that these PAs already present antibacterial activity alone. 

453 Gram-negative bacteria are intrinsically resistant to vancomycin blocking its access to lipid II target.9 We 
454 evaluated the effect of PA1, a compound with low antibacterial activity (MIC= 32 µg/mL against E.coli) 
455 in combination with vancomycin against E. coli (Figure 2). The findings of this combination were very 



456 interesting as vancomycin exhibited a 32-fold increase in antibacterial activity with the presence of PA1 
457 (MICVanco= 128 µg/mL and MICVanco+PA1=4 µg/mL). Thus, PA1 can work as a membrane-targeting 
458 compound to potentiate the activity of vancomycin. In addition, the activity of PA1 itself is also enhanced 
459 by the presence of vancomycin asPA1 exhibits an 8-fold increase in antibacterial activity (MICPA1= 32 
460 µg/mL and MICPA1+Vanco=4 µg/mL), leading to a synergistic antibacterial activity with FICi of 0.15. 

461

462

Figure 2: Synergistic screening of selected PAs in combination with antibiotics. A) Checkerboards of PA3 and 
PA2 in combination with Rifampicin and PA1 in combination with Vancomycin against E. coli. B) 
Checkerboards of PA3 and PA2 in combination with Rifampicin and PA1 in combination with Vancomycin 
against A. baumannii. FICi`s are shown in the figure. Selected antibiotics were tested at 2-fold serial dilutions 
across the plate in combination with 2-fold serial dilutions of the selected PAs down the plate, where the last 
column and the last row in the plate contain two-fold dilutions of antibiotics and peptides alone to determine 
their MIC. 

463

464 In addition, we tested the PA1 and PA5 in combination with vancomycin against A.baumannii. We 
465 observed no significant effect of these combinations which can be explained by the more permeable OM 
466 of E. coli compared to A. baumannii. A. baumanni produces a hepta-acylated lipid A compared to the hexa-
467 acylated lipid A of E. coli, which increases the hydrophobicity in the membrane. In addition, it can survive 
468 in absence of lipooligosaccharide and Lipid A, the latest known to be essential for cell survival.60

469 Vancomycin is a large hydrophilic molecule, which is usually not effectively sensitized by cationic agents 
470 that increase the outer membrane permeability like pentamidine, for example. These agents alter the LPS 
471 outer leaflet facilitating the diffusion of drugs across the outer membrane, but they do not damage the 
472 integrity of the outer membrane causing membrane disruption. These changes are not enough to facilitate 
473 the uptake of large hydrophilic molecules like Vancomycin.61, 11, 62  Unlike PAs, cationic agents such as 



474 pentamidine do not present an hydrophobic moiety on their structures affecting the ability of these 
475 molecules to deeply permeate the lipid membrane. The “derivatization-for-sensitization approach” is 
476 described in the literature as a successful strategy to sensitize vancomycin and increase drug uptake.62 In 
477 this approach, a combination of a vancomycin-derivative containing a lipo-cationic moiety and a symmetric 
478 di-cationic small molecule leads to membrane disruption by cooperative membrane binding and promotes 
479 the uptake of vancomycin. It is worth mentioning that only a few of vancomycin`s drug adjuvants described 
480 in the literature present cationic and hydrophobic characteristics.62 Those molecules are similar to our PAs 
481 (cationic and hydrophobic), which may work as new molecules with the ability to sensitize gram-negative 
482 pathogens against vancomycin. Together, these findings indicate that the ability of the PAs to sensitize 
483 antibiotic drugs is probably strongly related to their ability to change membrane permeability. 

484

485 3.4. PAs affect the inner-membrane permeability of E. coli.

486

487 To have some insights on the mechanism of action of PA1 + vancomycin drug combination, PA2, and PA3, 
488 we studied inner membrane (IM) permeability using a Propidium Iodide uptake assay. The fluorescence 
489 intensity of PI in cells treated with PAs and the drug combination are shown in figure 3A. Polymyxin B 
490 was used as a positive control to indicate increased inner-membrane permeability. The results show that 
491 PA1 at 4 µg/mL (1/8 of the MIC) have shown a relatively smaller PI fluorescence compared to other 
492 treatments indicating low permeability of the IM, however the cells treated with PA1 at 1  MIC (32 ×
493 µg/mL) and 2  MIC (64 µg/mL) have shown considerably higher PI fluorescence when compared to the ×
494 positive control polymyxin B indicating greater IM permeability. The drug combination (PA1 + 
495 vancomycin) at concentrations of 4 µg/mL:4µg/mL (FICi) showed an increased PI fluorescence compared 
496 to the untreated control and the combination at 2   FICi exhibit greater PI fluorescence compared to the ×
497 positive control polymyxin B. As expected, vancomycin alone did not induce membrane permeability at 4 
498 µg/mL (1/32 of the MIC) and at the MIC value of this drug alone (MIC=128 µg/mL). Together these results 
499 indicate that PA1 alone increases the IM permeability in a dose-dependent manner, and PA1 in combination 
500 with vancomycin presents a synergistic mechanism of action that further increases the inner-membrane 
501 permeability of E. coli in consequence of bacteria death, since these drugs alone did not induce IM 
502 permeability at the FICi concentrations. 

503 Since the PA molecules present both cationic and hydrophobic characteristics, we proposed that 1) PA1 is 
504 able to disrupt the inner membrane of E. coli in a dose-dependent manner causing a small permeabilization 
505 at sub-MIC concentrations.  Also, we hypothesize that at sub-MIC concentrations PA1 is able to fully 
506 disrupt the outer membrane of the E. coli with little effect on the inner membrane. 2) The cationic moiety 
507 of the PA1 targets the negatively charged lipids in the outer membrane and the lipid tail then permeates the 
508 hydrophobic bilayer causing outer membrane damage/ disruption      and      increasing      permeability. 3) 
509 As a result, there is a rapid increase in the accumulation of vancomycin in the cells and in combination with 
510 the metabolic perturbations lead to greater cell death. 4) Vancomycin is known to bind to the d-Ala-d-Ala 
511 terminus of the peptidoglycan (PG) cell wall precursor lipid II and prevent synthesis of cell wall.63, 64 5) 
512 PA1 and Vancomycin behave differently when used alone but when used in combination these drugs 
513 displayed increased inner membrane permeability. These findings suggest a cooperative mechanism of PA1 
514 and Vancomycin that increases the inner membrane permeability of these drugs in combination. Figure 4 
515 illustrates the proposed mechanism of action of these drugs in combination. A similar mechanism is also 
516 proposed for antimicrobial hexadecapeptide used in combination with vancomycin.65 



517

Figure 3: Mechanism of action of PAs on bacteria membrane. A) Propidium iodide uptake of E. coli 
K12 treat with PA1 and PA1 in combination with Vancomycin at different concentrations. B) Propidium 
iodide uptake of E. coli K12 treat with PA2 and PA3. C) Zeta Potential of S. aureus MRSA JE2 after 
treatment with PA2 and PA3 at 40 μg/mL and 80 μg/mL, respectively. D) Zeta Potential of E. coli K12 
after treatment with at 40 μg/mL and 80 μg/mL, respectively. *Represents p < 0.05. 

518

519 Figure 3B shows the PI uptake assay of E. coli cells treated with PA2 and PA3 at different concentrations. 
520 The PA2 at 4 µg/mL (1/2 MIC) did not show significant PI fluorescence, PA2 at 8 µg/mL (MIC) and 16 
521 µg/mL (2  MIC) presented an increased PI florescence indicating inner membrane permeability. Similar ×
522 results were observed when E. coli was treated with PA3. Both PA2 and PA3 indicate inner membrane 
523 permeability in a dose-dependent manner.

524 The Zeta potential studies have been reported as an important tool to study the interaction of cationic 
525 compounds with bacteria membranes surface because these interactions are mostly governed by 
526 electrostatic interactions between the positively charge PAs and negatively charged bacteria membrane in 
527 addition to hydrophobic interactions.66, 67 We studied the changes in the bacteria membrane potential of 
528 MRSA E. coli after treatment with PA2 and PA3 and the results are presented in figure 3C and 3D. 
529 Daptomycin and Polymyxin B were used as standard drugs for MRSA and E. coli respectively. 



530

Figure 4: Proposed mechanism for synergistic antibacterial activity of the drug 
combination (PA1 + Vancomycin) in E. coli.

531 Zeta potential of untreated MRSA and E coli were found to be – 5.52 mV for MRSA and -8.44 mV for E. 
532 coli. The higher negative electric potential of untreated E.coli cells compared to MRSA is attributed to the 
533 additional layer of negatively charged LPS present in gram-negative bacteria, these results are similar to 
534 other reports in the literature.66, 68 Daptomycin and Polymyxin B did not significantly change the membrane 
535 potential of MRSA and E.coli at 20 μg/mL, which is correspondent to 10   MIC for the drugs. These can ×
536 be explained by the lower concentrations used in our assays. According to the previous report, Polymyxin 
537 B failed to change the membrane potential of MRSA and the changes observed in E. coli were dose 
538 dependent showing about 10% of zeta potential change at lower concentrations as used in our assay.66 
539 Daptomycin has an anionic characteristic, it binds to CA2+ ions in present in the membrane, which gives it 
540 amphiphilic character similar to AMPs69, these mechanism could explain why Daptomycin does not cause 
541 changes in the membrane potential.  

542 However, PA2 and PA3 have shown a significant shift in the zeta potential with positive values for both 
543 MRSA (figure 3C) and E.coli (figure 3D) after 1 hour treatment at 40 μg/mL of PA2 and 80 μg/mL of PA3 
544 (10  MIC) compared to the untreated control. These findings show that PA2 and PA3 neutralized the ×
545 membrane surface charge, destabilizing the membrane and increasing the permeability. The surface charge 
546 neutralization has been directly linked to increased membrane permeability in previous studies.70 These 
547 findings are supported by the PI uptake assays showing increase of membrane permeability of E. coli cells 
548 at even lower concentrations of 1   MIC. ×

549 We further investigated the effect of PAs on bacteria cells morphology by SEM (Figure 5). S. aureus and 
550 E. coli showed substantial morphology changes on membrane surface presenting severe membrane 
551 deformations with protruding bumps, holes, and cytoplasmatic leakage after treatment with PA2. Untreated 
552 S. aureus and E. coli showed a smooth and normal membrane surface as seen in Figure 5. Together these 
553 results indicate that the mechanism of action of PAs is associated with membrane damage, which is 
554 supported by other reports in the literature.27, 71



555

Figure 5: SEM micrographs of S. aureus (top) and E. coli (bottom) after treatment with PA2 at 8 µg/mL (2X 
MIC). Untreated bacteria (with no PA addition) were used as a control. 

556 3.5. PAs show a low rate of resistance over a period of 21 days.

557 We studied the resistance generation rate for selective PAs against MRSA JE2 (Figure 6A) and E. coli 
558 K12 (Figure 6B) using the microdilution in broth method over a period of 21 days. As shown in Figure 
559 6A, the MIC of PA2 against S. aureus did not change over 21 days indicating that PA2 was not 
560 susceptible to drug resistance while PA3 exhibit a two-fold increase of MIC after day 5. Vancomycin also 
561 exhibits a two-fold increase of MIC after 19 days. The low rate of resistance for PA3 and the lack of 
562 resistance displayed by PA2 is likely due to their mechanism of action associated with membrane 
563 disruption. In contrast PA1 alone and PA1 in combination with vancomycin displayed an 8-fold increase 
564 of MIC over a period of 21 days with slower development of resistance for PA1 alone. Gentamycin did 
565 not show significant susceptibility to drug resistance during the tested period. We believe that PA1 alters 
566 the membrane permeability but does not disrupt the membrane facilitating the development of resistance 
567 over time. The mechanism of resistance in PA1 could be mediated by changes in the membrane surface 



568 by increasing the positive charge, which leads to electrostatic repulsion, similar to the mechanism of 
569 daptomycin resistance.72

570

Figure 6: Resistance generation studies. A) Resistance generation for PA2, PA3 and Vancomycin against S. 
aureus MRSA JE2 over 21 days. B) Resistance generation studies for PA1, PA1 in combination with Vancomycin 
(1:1 ratio) and Gentamicin against E. coli K12 over 21 days.

571 3.6. Cytotoxicity

572 We evaluated the toxicity of selected PAs against HEK-293 using the XTT assay and the cell viability is 
573 shown in figure 7A. PA2 and PA3 did not present toxicity against the cell line tested up to 8-16  MIC ×
574 values.  PA1 also did not present toxicity to the cells up to 16  MIC of PA1 compared to the concentration ×
575 of antimicrobial activity in combination with vancomycin (MIC=4 µg/mL). Overall, the cells exhibit about 
576 100% of viability up to a concentration of 64µg/mL, which is much lower compared to their MIC values 
577 against all bacteria strains tested. These results show the great potential of the PAs as antibacterial drugs 
578 encouraging us to further study the mechanism of action and the efficacy of these PAs in in vivo models in 
579 the future. 

580 We also studied the hemolytic activity (Supporting Information SI8) of the PAs against red blood cells and 
581 the % of hemolyzed cells at 8 µg/mL are shown in the figure 5B. PA1 shows 28.2 % of cell lysis at 8 µg/mL, 
582 and this concentration corresponds to 2  FICi of the PA1 in combination with Vancomycin. We expect ×
583 that PA1 will have a lower hemolytic activity at the FICi concentration, but still more studies are needed 
584 in order to develop more selective PAs. PA3 and PA4 show 33.3% and 30.6 % of cell lysis at 8 µg/mL, 
585 respectively. We observed some correlations between the hemolytic activity, hydrophobicity, and charge 
586 among the designed PAs. The most hemolytic PA9 at the concentration tested showed lower zeta potential 
587 values and higher hydrophobicity compared to the less hemolytic PA8. Both PA 2 and PA3 (the best 
588 antibacterial PAs) were less hydrophobic than PA8, which is shifted toward less hydrophobicity, however 
589 both PA2 and PA3 presented a lower positive zeta potential compared to PA8.  Hemolytic activity has been 
590 linked to higher hydrophobicity which is an important characteristic of membrane active peptides. More 
591 studies of structure-toxicity relationship and the development of new strategies such the use of D- amino 
592 acids for example are necessary to improve the therapeutical window of these PAs.73 In addition, the use 
593 and development of other potential drug combination therapies with synergistic mechanism of action 
594 similar to what we found with PA1 and Vancomycin may lead to new approaches that requires lower 
595 concentrations of drugs to achieve antibacterial activity. The use of lower concentrations as an approach is 
596 another strategy to overcome the potential toxicity of these PAs.”



597

Figure 7: Toxicity of selected PAs. A) Cytotoxicity of selected PAs against HEK-293 cells using XTT 
assay. B) Antibacterial in vivo assay against MRSA JE2 infection in G. mellonella model.

598 Due to the pH response activity of the Dap rich peptides and the similarities in charge of bacteria cell 
599 membrane and cancer cells, the viability of HT-29 cells following treatment with PA6, PA7, PA8 and PA9 
600 was determined in both physiological (pH 7.4) and acidic (pH 6.5) conditions using the MTT assay. The 
601 cancer cell membranes are negatively charged with extracellular pH of 6.2-6.9 which is similar to the 
602 negatively surface charge of bacteria membrane, this characteristics of cancer cell membranes is due to the 
603 presence of negatively charged lipids such as phosphatidylserine and phosphatidylethanolamine in the outer 
604 leaflet compared to normal cell membrane where these lipids are present in the inner leaflet.74 Increases in 
605 the IC50 values for the physiological conditions compared to the acidic conditions were observed for every 
606 PA with an IC50 that was measurable within the tested concentrations. PA 6 had IC50 values of 61.8 μg/mL 
607 at pH 6.5 and 71.7 μg/mL at pH 7.4. PA 8 had IC50 values of 72.3 μg/mL at pH 6.5 and 126.4 μg/mL at pH 
608 7.4. PA 9 had IC50 values of 81.7 μg/mL at pH 6.5 and 117.3 μg/mL at pH 7.4. These results indicate a 
609 decrease in cytotoxicity in physiological conditions (pH=7.5) for PA6, PA8, and PA9. PA 7 showed no 
610 measurable IC50 value at both pH conditions, indicating low cytotoxicity at the tested concentrations. Cells 
611 in acidic conditions treated with 125 μg/mL of PA8 neared complete loss of viability, and at 250 μg/mL, 
612 no viable cells remained. However, when cells in physiological conditions were treated with PA8, viable 
613 cells remained even at the highest treatment concentration, 500 μg/mL (Supporting Information, Figure 
614 SI9), suggesting that the cytotoxicity might be related to charged residues. Even though these peptides 
615 presented a relatively higher hydrophobicity, the lower toxicity of these peptides at pH 7 could be attributed 
616 to the amino groups of the side chain being nearly deprotonated and neutral. The PA6, PA7 and PA8 present 
617 a net charge of 0 at pH 7 and PA10 present a +2 charge at pH7. The positively charged residues in PA6 are 
618 near to the side chain and not at the surface of the micelle, possibly explaining the lower toxicity.

619 3.7. In vivo antibacterial assays in Galleria mellonella: PA2 shows potent anti MRSA activity and low 
620 toxicity. 

621 We assessed the in vivo antibacterial activity of PA2 against MRSA JE2 using G. mellonella animal model 
622 and the results are presented in figure 7B. PA2 was selected for these studies due to its great antibacterial 
623 activity and low rate of resistance. First, we determined the in vivo toxicity of PA2 at different 
624 concentrations. Animals treated with PA2 at 75 mg/kg body weight have shown 100% survival after 4 days 
625 and animals treated with PA2 at 125 and 150 mg/kg body weight have shown 80% survival after 4 days 
626 indicating low in vivo toxicity of this peptide. These results are included in the supporting information SI10. 
627 After determining the safe doses of PA2, we evaluated the antibacterial in vivo activity of PA2 in animals 



628 infected with MRSA. PA2 displayed great antibacterial in vivo activity with 60% survival after 4 days with 
629 a single dose treatment of PA2 at 75 mg/kg body weight. Vancomycin displayed about 30% of survival 
630 after 4 days. These results indicate that PA2 is more effective than vancomycin to treat MRSA infections 
631 in this animal model. 

632 4. Conclusion

633 In this work, we designed a small library of PAs and evaluated their antibacterial activity against gram-
634 positive and gram-negative strains. Our findings indicate that the cationic charges, hydrophobicity 
635 morphology and stability of the self-assembled nanostructures play an important role in the antibacterial 
636 activity of these compounds. The toxicity of these compounds in red blood cells has been shown to be 
637 related with hydrophobicity and charge and it seems to be a very short window of hydrophobicity and 
638 charge balance that leads to low toxicity. PA1 demonstrated a very low antibacterial activity alone but it 
639 was able to potentiate the activity of Vancomycin with E. coli by a cooperative mechanism that leads to 
640 increased inner membrane permeability. This drug combination approach is a very promising approach to 
641 overcome the toxicity of PAs since sub-MIC concentrations are required for activity. In addition, PA2 and 
642 PA3 have shown potent broad-spectrum antibacterial activity against the strains tested. PA2 was the best 
643 candidate in this study showing low development of bacterial resistance and great in vivo activity. These 
644 findings are promising and open opportunities to further study the mechanism of action of drug 
645 combinations and the development of novel antibacterial PAs to overcome bacteria resistance.
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