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Abstract 26 

The co-existence of various pathogenic bacteria on the surface of food products for human 27 

consumption greatly aggravated the difficulty of food safety control. Six kinds of highly 28 

virulent strains of ESKAPE have been detected in raw or undercooked foods, leading to 29 

potentially life-threatening food poisoning worldwide. Due to the increasing prevalence of 30 

drug-resistant bacteria, there is an unmet need for the development of food preservatives. In 31 

this study, we discovered a novel linear peptide (IIrr)4-NH2 (zp80r) with a broad antibacterial 32 

spectrum against all ESKAPE strains and low cytotoxicity to human normal gastric cells. 33 

Introducing unnatural amino acid D-arginine dramatically enhanced the proteolytic stability of 34 

zp80r compared to its natural amino acid L-arginine analog (IIRR)4-NH2 (zp80). Moreover, 35 

zp80r maintained favourable bioactivities against starvation-induced persisters. Mechanistic 36 

studies revealed that zp80r killed pathogens by destabilizing cellular envelope structure, 37 

causing membrane potential dissipation, pore formation, and cytoplasmic content leakage. 38 

Importantly, zp80r was able to control multiple bacterial contaminations in chilled fresh pork 39 

with improved efficiency in comparison with a known peptide nisin, a bacteriocin that is mainly 40 

used in meat products. This newly designed peptide could be a potential antibacterial candidate 41 

to combat problematic foodborne pathogens, especially in scenarios with multiple bacteria 42 

colonization.  43 

Keywords  44 

helical peptide, broad-spectrum antibacterial, proteolytic stability, membrane targeting, 45 

food preservative. 46 

1. Introduction 47 

The ESKAPE pathogens consist of six classes of highly virulent bacteria including - 48 

Enterococcus faecium (EF), Staphylococcus aureus (SA), Klebsiella pneumoniae (KP), 49 

Acinetobacter baumannii (AB), Pseudomonas aeruginosa (PA), and Enterobacter species [1]. 50 

These pathogenic bacteria can literally 'escape' from commonly used antibiotics due to their 51 

increasing antibiotic multidrug resistance, posing serious threats to human wellness [2]. Their 52 

mechanisms of multidrug resistance include antimicrobial inactivation, biofilm formation, 53 

target site modification, and reduction of drug accumulation [3]. A dwindling arsenal of 54 

antibiotics has been compelling us to repurpose approved drugs for their possible antibacterial 55 

potential, and in the meanwhile, to develop novel molecules with new targets and mechanisms 56 

[4]. 57 
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Consuming contaminated food is a major reason why people infect with morbigenous 58 

microorganisms, leading to a large number of foodborne illnesses and heavy economic burdens 59 

to society [5]. Among the ESKAPE, EF, SA, PA, and Enterobacter species like Escherichia 60 

coli (EC) O157:H7 and Enterobacter cloacae (ECL) were typical foodborne pathogens. KP 61 

and AB, which mainly result in respiratory-associated nosocomial infection, were also found 62 

in uncooked meat and vegetables [6]. Therefore, the prevention of ESKAPE strains should be 63 

an indispensable part of food safety control. 64 

As to the most commonly used commercial food preservatives, benzoate and sorbate salts 65 

have advantages like low cost, excellent bioactivity, and negligible acute toxicity [7]. However, 66 

their potential hazards, such as cumulative poisoning and human metabolism disruption, have 67 

been increasingly concerned in recent years [8]. Rising food safety standards and consumers’ 68 

preferences have turned the spotlight on novel amino acid-based antibacterial candidates, like 69 

bacteriocins, lysins, and protein hydrolysates [9]. Compared with the aforementioned 70 

biomacromolecules, linear peptides have unique merits. These peptides possess simple 71 

structures that can be easily synthesized by standard solid-phase peptide synthesis (SPPS) [10]. 72 

Furthermore, their membrane-targeting nature makes it difficult for pathogens to acquire 73 

resistance, particularly important in the post-antibiotic era [11]. Several peptides have been 74 

reported for controlling foodborne bacteria such as Salmonella [12], Vibrio [13], 75 

enterohemorrhagic EC (EHEC) [14], and SA [15]. These natural or engineered peptides with 76 

promising antibacterial activity provide us with alternative tools to combat notorious 77 

microorganisms. 78 

Nevertheless, many peptides demonstrated a limited antibacterial spectrum, reducing their 79 

application efficiency when facing multiple bacterial contaminations [16]. ESKAPE consists 80 

of two Gram-positive (G+ve) EF, SA and four Gram-negative (G−ve) KP, AB, PA, 81 

Enterobacter species strains. Different cellular characteristics complicate the situation to 82 

discover new food preservatives that show bioactivity against all of them [17]. Therefore, 83 

designing a peptide with a broader antibacterial spectrum may contribute to safety control in 84 

food products that suffered from simultaneous contaminations by two or more bacterial species 85 

[18]. 86 

Our previous study investigated an engineered peptide zp80, which was able to inhibit the 87 

growth of several foodborne pathogens [19]. Its amino acid sequence (IIRR)4-NH2 was inspired 88 

by a classical (XXYY)n-type amphiphilic motif, in which X represented hydrophobic residue, 89 
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Y represented hydrophilic residue and n is the number of motifs [20]. However, this 90 

hexadecapeptide exhibited relatively weak proteolytic stability in fetal bovine serum (FBS), 91 

hindering subsequent development as a highly effective food preservative. In this work, a novel 92 

peptide (IIrr)4-NH2 (zp80r) was designed and tested, in which the L-arginines were substituted 93 

with the corresponding enantiomers D-arginines. This novel peptide was proved to have 94 

improved stability and favorable bioactivities against all ESKAPE strains. Its mode of action 95 

and application in controlling multiple bacterial contaminations in chilled fresh pork were 96 

evaluated systematically. This study pave the way for the development of novel peptides as 97 

food preservatives.  98 

2. Materials and methods 99 

2.1 Peptide synthesis and structural analysis 100 

2.1.1 Peptide synthesis and structural prediction     101 

Peptide zp80r was customized by Synpeptide Co., Ltd (Nanjing, China) via SPPS. The 102 

crude product was purified by using high-performance liquid chromatography (HPLC) to >98% 103 

purity with a linear gradient elution system (gradient: 5 - 95% B in 6 min, flow: 1 mL/min, 104 

eluent A: 100% water + 0.05% trifluoroacetic acid; eluent B: 100% acetonitrile + 0.05% 105 

trifluoroacetic acid) and a C18 reversed-phase column at detection of 220 nm. The stereo model 106 

of zp80r was predicted by platform PEPstrMOD (https://webs.iiitd.edu.in/raghava/pepstrmod/) 107 

[21]. The amino acid sequence of peptide zp80 was input into the server. All L-arginines were 108 

modified to D-arginines and all L-isoleucines remained unchanged. The amino acid sequence 109 

of peptide zp80r was then submitted for structural prediction without changing the advanced 110 

options. The obtained stereo model of zp80r was downloaded and visualized using the ICM-111 

Browser.  112 

2.1.2 Circular dichroism (CD) spectroscopy 113 

Peptide zp80r stock solution (1 mM) was diluted to 0.05 mM by 10 mM sodium dodecyl 114 

sulfonate (SDS) solution in deionized water. Signals from 260 nm to 190 nm wavelengths were 115 

measured by a J-1500 CD spectrometer (Jasco, Japan). After deducting the background noise 116 

(10 mM SDS only), the original data [θ]obs was converted to [θ] by the formula [θ] = [θ]obs / 117 

10rlc. ([θ] - mean residue ellipticity; r - number of amino acid residue; l - optical path of the 118 

sample cell; c - the actual testing concentration of zp80r) 119 

2.2 Antibacterial activity and stability analysis 120 
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2.2.1 Bacterial strains 121 

Bacterial strains are from our in-house stock. Names with ATCC or BCRC indicate that 122 

corresponding strains were standard strains purchased from American Type Culture Collection 123 

(USA) or Bioresource Collection and Research Center (Taiwan). Other strains were clinical 124 

isolates.     125 

2.2.2 Minimum inhibitory concentration (MIC)   126 

MIC values were determined by broth double dilution method following the guideline of 127 

Methods for dilution antimicrobial susceptibility tests for bacteria that grow aerobically [22]. 128 

Briefly, tested bacteria in the logarithmic phase were diluted to 600 nm optical density (OD600) 129 

value at 0.1. Then, a total of 5 μL cell suspension was mixed with 150 μL of Mueller Hinton 130 

broth (MHB) medium containing peptide zp80r at various concentrations. After 18 hours of 131 

incubation at 37°C, the lowest concentration where no observed bacterial growth was defined 132 

as the MIC value. 133 

2.2.3 Cleavage sites prediction 134 

Cleavage sites of zp80 after trypsin treatment were predicted by the Peptide Cutter 135 

program in Expasy (https://web.expasy.org/peptide_cutter/) [23]. 136 

2.2.4 Peptide degradation degree   137 

Peptide zp80 and zp80r solutions (200 μM) were treated with 4 μg/mL trypsin at 37°C. 138 

The samples were analyzed by using HPLC at two hours intervals. The degradation degree was 139 

calculated by the ratio of the integral area of the treated group and the untreated group. 140 

2.2.5 MIC in the presence of trypsin  141 

This experiment was performed following the MIC determination protocol mentioned in 142 

section 2.2.2 in the presence of trypsin from 0.03 - 4 μg/mL. 143 

2.2.6 MIC in the presence of serum  144 

This experiment was performed following the MIC determination protocol mentioned in 145 

section 2.2.2 in the presence of serum concentrations from 0 - 90%. 146 

2.3 Bioactivities of zp80r in various situations 147 

2.3.1 Persister sensitivity 148 
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Cells of EF ATCC49225, SA ATCC29213, PA ATCC15692, and EHEC O157:H7 149 

ATCC43888 in the logarithmic phase were collected and divided into two tubes. One was 150 

resuspended in 0.9% NaCl and placed in a constant shaker for 48 hours of incubation at 37°C. 151 

The other was resuspended in nutrient broth and placed in a 4°C refrigerator for 48 hours. Then, 152 

MIC values were determined following the protocol mentioned in section 2.2.2. 153 

2.3.2 Swarming   154 

Sterile double-layer semisolid plates were fabricated in advance. The bottom layer was 155 

normal nutrient agar. After the bottom layer solidifies, 0.5% pure agar containing 10 μM zp80r 156 

was poured to cover the bottom agar. The ratio of the two layers was 7:3 (bottom: top). Then, 157 

10 μL bacterial solution of EF 188903(2), MRSA ATCC1717, PA MDR-1, and EHEC 158 

O157:H7 ATCC43888 (OD600 at 0.1) was dropped on the center of the semisolid plate. 24 159 

hours later, swarming pictures were taken by ChemiDoc Imager (Bio-Rad, USA). The longest 160 

straight line distance through the center was determined as the motility diameter. The groups 161 

without the addition of peptide zp80r were set as controls. 162 

2.3.3 Antibacterial efficiency under varied pH values   163 

MHB medium was adjusted to pH at 5 - 9 respectively by HCl or NaOH. Cells of EF 164 

188903(2), MRSA ATCC1717, PA MDR-1, and EHEC O157:H7 ATCC43888 in the 165 

logarithmic phase were diluted to their respective OD600 at 0.1. For the G+ve group, EF and 166 

SA solutions were mixed at the ratio of 1:1. For the G−ve group, PA and EC solutions were 167 

mixed at the ratio of 1:1. For the G+ve & G−ve group, four solutions were mixed at the ratio 168 

of 1:1:1:1. A total of 5 μL prepared samples were pipetted to a well containing 150 μL MHB 169 

medium and peptide zp80r at various concentrations. After 24 hours of incubation at 37°C, 170 

OD600 values for each well were measured by a microplate reader (BMG Clariostar, Germany).  171 

2.3.4 Cytotoxicity   172 

Human gastric epithelial cells (GES-1) were seeded in a 96-well plate in advance. After 173 

overnight incubation, zp80r at various concentrations was applied to treat them for 24 hours. 174 

Then, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 20 μL, 5 mg/mL) 175 

was added for another 4 hours of staining. After that, the supernatant was removed and a total 176 

of 150 μL of dimethylsulfoxide (DMSO) was used to thoroughly dissolve precipitated 177 

formazan. Subsequently, 570 nm absorbance values were measured by a microplate reader 178 

(BMG Clariostar, Germany). The test group treated with phosphate-buffered saline (PBS) was 179 
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defined as 100% survival. The survival ratio of zp80r-treated groups was calculated according 180 

to the ratio of absorbance value of the peptide-treated versus PBS-treated group. Three 181 

biological replicates were performed.  182 

2.4 Action mode  183 

2.4.1 Scanning electron microscopy (SEM)  184 

Cells of EF 188903(2), MRSA ATCC1717, PA MDR-1, and EHEC O157:H7 185 

ATCC43888 in the logarithmic phase were collected and resuspended in sterile PBS until 186 

OD600 reached 0.6. Then, zp80r was added to treat them for 4 hours at their respective 4 MIC 187 

at 37°C. Afterward, cells were fixed with 2.5% glutaraldehyde overnight at 4°C. Fixed samples 188 

were dehydrated by a graded ethanol series (50, 70, 90, and 100%). Lastly, a volume of 2 μL 189 

suspension was dropped onto a clear coverslip. After air drying, and metal coating, cells were 190 

imaged by a Quanta 400F field emission SEM (Philips, Netherlands). 191 

2.4.2 Green fluorescent protein (GFP) leakage  192 

GFP-expressing E. coli was from an in-house bacterial library. Cells in the logarithmic 193 

phase were subjected to 8 μM, 16 μM, and 32 μM zp80r treatment respectively. At intervals, 194 

cells were rinsed with PBS thrice to remove leaked GFP. Fluorescence units were recorded 195 

with an exciting wavelength at 488 nm and an emission wavelength at 525 nm (BMG Clariostar, 196 

Germany). Cells without zp80r treatment were defined as the controls (GFP 100%). 197 

2.4.3 Confocal image  198 

GFP-expressing E. coli cells were treated with PBS and 32 μM zp80r respectively for 2 199 

hours. Then, cells were rinsed with PBS thrice to remove leaked GFP. After that, cells were 200 

fixed by 2.5% glutaraldehyde for 20 minutes. A total of 2 μL fixed samples were dropped onto 201 

a coverslip. Fluorescent images were thus taken by a confocal microscope (Leica TCS SPE, 202 

Germany). 203 

2.4.4 Reactive Oxygen Species (ROS) 204 

Bacterial cells of EF 188903(2), MRSA ATCC1717, PA MDR-1, and EHEC O157:H7 205 

ATCC43888 in the logarithmic phase were resuspended in PBS to reach an OD600 at 0.6. The 206 

cells were divided into five groups and treated with 0.5 MIC, 1 MIC, 2 MIC, 4 MIC zp80r, 207 

and PBS as control respectively for 1 hour at 37°C. Next, cells were collected and resuspended 208 

in PBS containing 10 μM 2,7-dichlorodi-hydrofluorescein diacetate (DCFH-DA) for 30 209 
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minutes incubation. After staining, cells were rinsed thrice and their fluorescence units were 210 

recorded with an exciting wavelength at 488 nm and an emission wavelength at 525 nm (BMG 211 

Clariostar, Germany).  212 

2.4.5 Outer membrane permeability 213 

Final concentrations of 1 MIC and 4 MIC zp80r were applied to treat PA MDR-1 and 214 

EHEC O157:H7 ATCC43888 cells for 1 hour. Then, 10 μM 1-N-phenylnaphthylamine (NPN) 215 

was incubated with tested bacterial suspensions. Subsequently, fluorescence units were 216 

recorded with an exciting wavelength at 350 nm and an emission wavelength at 420 nm (BMG 217 

Clariostar, Germany). The group without zp80r treatment was set as the negative control and 218 

the group treated with 0.1% Triton X-100 was set as the positive control. 219 

2.4.6 Cytoplasmic membrane permeability 220 

Final concentrations of 1 MIC and 4 MIC zp80r were applied to treat EF 188903(2), 221 

MRSA ATCC1717, PA MDR-1, and EHEC O157:H7 ATCC43888 cells for 1 hour. Then, 10 222 

μg/mL propidium iodide (PI) was incubated with bacterial suspensions for another 20 minutes. 223 

Fluorescence units were recorded with an exciting wavelength at 535 nm and an emission 224 

wavelength at 615 nm (BMG Clariostar, Germany). The group without zp80r treatment was 225 

set as the negative control and the group treated with 0.1% Triton X-100 was set as the positive 226 

control. 227 

2.4.7 Membrane potential   228 

Bacterial cells of EF 188903(2) and MRSA ATCC1717 in the logarithmic phase were 229 

adjusted to OD600 at 0.1 in PBS. Then, cells were treated with 0.5 μM DiSC3(5) for 1 hour. 230 

After rinse and resuspension, zp80r at various concentrations were added. Fluorescence units 231 

were recorded immediately every 15 seconds with an exciting wavelength at 622 nm and an 232 

emission wavelength at 670 nm, lasting for 8 minutes by a microplate reader (BMG Clariostar, 233 

Germany). 234 

2.5 Effect of zp80r on pork storage  235 

2.5.1 Pork spoilage  236 

Chilled fresh pork was purchased from a local market in Hong Kong. It was chopped into 237 

small pieces (3 ± 0.2 g) and immersed into mixed bacterial suspension (EF : SA : PA : EC = 238 

1 : 1 : 1 : 1, OD600 at 0.5) for 15 minutes of contamination. Thereafter, pork pieces were 239 
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immersed in PBS,  4 μM zp80r, 16 μM zp80r, 64 μM zp80r, and 64 μM nisin solutions for 2 240 

hours respectively. Next, they were transferred to a 4°C refrigerator for cold storage. On day 241 

1, day 4, and day 7, pork pieces were brought out to observe the spoilage condition.  242 

2.5.2 Live bacteria counting  243 

After 24 hours of cold storage, the abovementioned contaminated pork pieces were 244 

transferred to tubes containing 2 mL PBS. Then, the mixtures vigorously oscillated for 10 245 

minutes. After that, the total live bacteria number was counted based on the method in section 246 

2.6.   247 

2.5.3 SEM for multiple bacterial contaminations  248 

The abovementioned contaminated pork pieces were immersed into PBS solutions 249 

containing 0 μM, 4 μM, 16 μM and 32 μM zp80r respectively for 4 hours of treatment. Next, 250 

pork pieces were removed and bacterial cells were centrifugated. Collected pellets were fixed 251 

with 2.5% glutaraldehyde overnight at 4°C. Then, samples were prepared as section 2.14 stated 252 

and imaged by a Quanta 400F field emission SEM (Philips, Netherlands).   253 

2.6 Statistical analysis  254 

At least three biological replicates were performed for all experiments. The results were 255 

expressed as mean ± standard error. Data analysis was performed by ANOVA and t-tests. In 256 

all analyses, p < 0.05 was considered significant. 257 

3. Results and discussion 258 

3.1 Peptide synthesis, quality control, and secondary structure of zp80r  259 

Peptide zp80r has eight unnatural D-arginine residues, which were highlighted in red in 260 

Figure 1A. It was easily accessible via standard SPPS at a relatively low cost. The crude 261 

product was purified to >98% purity by HPLC. The theoretical molecular weight of zp80r is 262 

2171.8105 Da. From the mass spectrum, peaks at 725.0541 Da and 543.9539 Da can be found, 263 

indicating the fragments of [M+3H]3+ and [M+4H]4+ respectively (Figure 1B). These results 264 

confirmed the successful synthesis of zp80r and its >98% purity was sufficient to support 265 

subsequent biological evaluation. 266 

In silico structural prediction suggested that zp80r presented a helical structure with a 267 

clear hydrophilic-hydrophobic interface (Figure 1C). This conformation is beneficial both for 268 

the molecule to maintain good water solubility and for interaction with the bacterial lipid-rich 269 
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membrane surface [24]. The predicted structure of zp80r provided an intuitive perspective to 270 

observe the distribution of hydrophilic D-arginine and hydrophobic isoleucine residues. Unlike 271 

the alternate arrangement of D-arginines and isoleucine in chemical structure, most D-arginine 272 

residues were predicted to aggregate on one side and isoleucine residues on another side after 273 

the free fold of zp80r. This kind of cationic surfactant-like peptide was considered to be a 274 

highly-effective cell membrane destroyer [25]. CD spectrum (Figure 1D) also confirmed 275 

experimentally that zp80r could form α-helix structure in an amphiphilic environment.  276 

 277 

 278 

Figure 1. (A) Chemical structure of zp80r, D-Arg residues were highlighted in red; (B) Mass 279 

and HPLC spectra of zp80r; (C) In silico structural prediction of zp80r; (D) CD spectrum of 280 

zp80r in 10 mM SDS solution. 281 

 282 

3.2 Peptide zp80r has a broad antibacterial spectrum and improved proteolytic stability 283 

Due to abundant positive charges and meanwhile having hydrophobic moieties, cationic 284 

amphiphilic peptides naturally exhibit good affinity with negative-charged phospholipid 285 



11 
 

bilayers of bacterial cells [26]. This feature may endow them with the ability to physically 286 

attack both G+ve and G−ve bacteria indiscriminately, thus presenting a broad antibacterial 287 

spectrum [27]. Here, we first determined zp80r’s bioactivities against ESKAPE. As illustrated 288 

in Figure 2A, MIC values of zp80r to all tested strains ranged from 1-8 µM, suggesting that 289 

zp80r was able to prevent ESKAPE from proliferation at the micromole level. Moreover, 290 

various superbugs, like methicillin-resistant Staphylococcus aureus (MRSA), metallo-beta-291 

lactamase-1 (NDM-1) harbouring PA, Enterobacter species, and clinical-isolated carbapenem-292 

resistant KP, were sensitive to zp80r. These data proved zp80r’s antibacterial potency and 293 

wide applicability. 294 

 295 

 296 

Figure 2. (A) MIC values of zp80r against a panel of ESKAPE pathogens; (B) Possible trypsin 297 

cleavage sites for zp80 predicted by Expasy; (C) HPLC chromatograms of zp80 and zp80r 298 

before and after 4 µg/mL trypsin treatment. Signals of zp80 and zp80r were highlighted in red 299 

and pink boxes respectively. Signals from degradative fragments of zp80 were highlighted in 300 
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green box; (D) Fold change in MIC of zp80 and zp80r against four common foodborne bacteria 301 

in the presence of trypsin; (E) MIC change of zp80r against four common foodborne bacteria 302 

in different serum concentrations. 303 

 304 

Peptides consisting of only natural amino acids were often questioned about their 305 

proteolytic stability [28]. We first employed an online tool Expasy to analyze possible trypsin 306 

cleavage sites for zp80. The results shown in Figure 2B predicted that L-arginine residues of 307 

zp80 could be in vulnerable positions. At positions 3, 7, 11, and 15, there is an 82.6% 308 

probability of being hydrolyzed by trypsin. For residues at positions 4, 8, and 12, this 309 

probability increases further to 100%. Modification of amino acid residues at these positions 310 

may offer a chance to improve their stability.  311 

Next, we applied HPLC to quantitatively analyze the degradation degree of zp80 and 312 

zp80r in the presence of trypsin solution. Figure 2C revealed that 2 hours of treatment could 313 

degrade more than half of zp80 molecules. After 4 hours of exposure, only 34% zp80 was left. 314 

On the other hand, zp80r is more robust against trypsin treatment as the peptide concentration 315 

remains unchanged after 4 hours of incubation. These results suggested that zp80r has 316 

enhanced proteolytic stability. 317 

Since EF, SA, PA, and EC were widely recognized as representative foodborne pathogens, 318 

thereinafter, these four strains (two G+ve and two G−ve) were selected to proceed with further 319 

studies. We compared the MIC change of zp80 and zp80r in the presence of trypsin. As 320 

illustrated in Figure 2D, we concluded that the addition of trypsin would significantly decrease 321 

the antibacterial efficiency of zp80. MIC values of zp80 increased 16-fold for SA, PA, EC, and 322 

32-fold for EF when cells were incubated in the presence of 4 µg/mL trypsin. By contrast, the 323 

same trypsin concentration didn’t exhibit a clear negative effect on zp80r’s bioactivity against 324 

tested strains. It can be inferred that trypsin leads to the degradation of zp80 but fails to 325 

recognize chirality-modified zp80r. This data was consistent with HPLC results, strongly 326 

supporting the conclusion that D-arginines substitution enhanced proteolytic stability.   327 

Having verified zp80r’s improved stability against trypsin, its antibacterial activity in 328 

FBS was evaluated next. Compared with the single trypsin treatment, the serum contains a 329 

more complex mixture of enzymes and is closer to the real in-vivo microenvironment. Figure 330 

2E indicated that 30% or below serum concentration resulted in an almost negligible effect on 331 

the bioactivity of zp80r against all tested strains. As the ratio of serum increased, MIC values 332 
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began to rise, suggesting that certain components in serum started to interfere with zp80r. In 333 

90% serum solution, MIC values of zp80r were 8 µM (EC), 16 µM (EF, SA), and 32 µM (PA) 334 

respectively, showing a 4 − 16 folds increase compared with the control groups with 0% serum. 335 

However, note that 90% serum concentration should be an extremely harsh condition. In such 336 

an adverse environment, zp80r still maintained modest activity to these foodborne pathogens. 337 

Since D-type amino acids exhibited both nutritional and medicinal values in food [29], this 338 

substitution highlighted its potential wide application range.  339 

3.3 Peptide zp80r’s working efficiency and low cytotoxicity 340 

In the process of storage and transportation, food products are sometimes in a state which 341 

is not the best fit for bacterial growth, such as nutrient deficiency, low temperature, hypoxia, 342 

et al [30]. These unfavorable environments are beneficial for inhibiting bacterial growth on the 343 

one hand, while on the other hand, they also pose the risk of inducing persisters [31]. Drug 344 

resistance of persisters to antibiotics has strengthened, making it increasingly difficult to 345 

control [32]. Here, we found that when normal bacterial cells were subjected to nutritional 346 

deprivation for 48 hours, their sensitivities to traditional antibiotics generally decreased 347 

markedly (Figure 3A). For G+ve strains, EF, and SA, MICs of vancomycin for starvation-348 

induced persisters were both 32 µM, far higher than that for normal bacterial cells of 1 µM and 349 

0.5 µM, respectively. For G−ve strains, MICs of colistin increased from 1 µM to 4 µM (PA) 350 

and 0.5 µM to 32 µM (EC). Comparatively, zp80r maintained the same level of antibacterial 351 

activity in both normal cells and starvation-induced persisters. This may be due to the fact that 352 

zp80r damaged the cell membrane in a physical attack mode, and it is hard for bacteria to 353 

acquire resistance in a short term. Meanwhile, the low temperature didn’t cause an obvious 354 

influence on both the antibiotic or zp80r treatments in this study.    355 

Bacterial cells have strong motility on the food surface, which is conducive to their rapid 356 

spread and cross-contamination. Thus, novel compounds that could inhibit bacterial swarming 357 

motility are highly desired [33]. We, therefore, investigate the capability of zp80r in 358 

suppressing cellular swarming behavior. Figure 3C showed that the migration distance of four 359 

strains inoculated onto a semisolid agar plate containing 10 µM zp80r decreased by 20% (EF), 360 

38% (SA), 31% (PA), and 15% (EC). Therefore, the presence of zp80r was considered to limit 361 

bacterial movement. Furthermore, observed reduced bacterial density after peptide treatment 362 

also hinted that zp80r could kill some superficial cells which interacted with peptide molecules 363 

directly.  364 
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 365 

 366 

Figure 3. (A) Drug sensitivity of zp80r and approved antibiotics against persisters; (B) 367 

Swarming motility of four bacteria in the absence or presence of 10 µM zp80r. (C) Growth 368 

situation of bacteria under varied pH values. The green checkerboard graph represents OD600 369 

of two G+ve strains EF and SA mixture after 24 hours of zp80r treatment. Similarly, the red 370 

graph represents two G−ve strains PA and EC mixture and the blue graph represents the 371 

mixture containing all four strains; (D) Cytotoxicity of zp80r against GES-1.  372 

 373 

pH values sometimes hampered the activity of antimicrobial agents [34]. We sought to 374 

assess whether low pH or high pH conditions could inactivate zp80r. The pH value of freshly 375 

prepared MHB is 7.5. Preliminary experiments confirmed that all four strains were able to 376 

proliferate after 24 hours of incubation in the pH range of 5 - 9, though they may not fully grow 377 

in some circumstances. From Figure 3B, it can be seen that in neutral and basic environments, 378 

zp80r has favourable antibacterial efficiency against both the G+ve mixture (EF and SA), the 379 

G−ve mixture (PA and EC), and the four-strain mixture. These results were consistent with the 380 

MIC data. In acidic conditions, the bioactivity of zp80r against a pathogenic mixture was 381 

slightly weakened. However, even for pH at 5, 8 µM zp80r could reduce bacterial proliferation 382 

ratio of 58% (G+ve), 51% (G−ve), and 54% (G+ve and G−ve) respectively compared to 383 

untreated groups. These data suggested that zp80r has a good pH tolerance in killing multiple 384 

bacterial species. 385 
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Furthermore, the cytotoxicity of zp80r was also investigated. The gastrointestinal tract is 386 

the core region for food digestion. Therefore, the GES-1 was chosen to preliminarily evaluate 387 

zp80r’s safety. As shown in Figure 4C, the half maximal inhibitory concentration (IC50) of 388 

zp80r to GES-1 was > 64 µM, which was much higher than its MIC values against ESKAPE 389 

bacteria. We proposed that cationic characteristics of zp80r may play a key role in this cell 390 

selectivity since bacterial membranes usually presented more negative charges in contrast to 391 

mammalian normal cell lines [35]. 392 

3.4 Peptide zp80r works in a bactericidal mode and causes membrane damage  393 

From double staining images (Figure S1), PA’s cell viability before and after zp80r 394 

treatment can be visualized. In the control group, an overwhelming majority of bacterial cells 395 

emitted green fluorescence, and very low red fluorescence was detected, indicating high cell 396 

membrane integrity and no damage. While as the treatment concentrations increased gradually 397 

from 1 MIC, 2 MIC to 4 MIC, more red signals were captured along with decreased green 398 

signals. These pictures demonstrated that bacterial cells have suffered a fatal attack by zp80r 399 

in a dose-dependent manner.  400 

Time-killing curve (Figure S2) further proved that above MIC level, zp80r killed 401 

ESKAPE strains in the bactericidal mode. Compared to the control group, 4 hours of treatment 402 

at 8 MIC could lead to a dramatic reduction of live bacteria (5.8 log10 CFU/mL for EF, 6.5 403 

log10 CFU/mL for SA, 5.6 log10 CFU/mL for PA and 5.8 log10 CFU/mL for EC). Indiscriminate 404 

killing efficiencies against various pathogens hinted that zp80r could be a promising broad-405 

spectrum antibacterial agent.  406 

SEM was then used to observe the morphological changes after the zp80r treatment. 407 

Compared to untreated groups, zp80r-treated cells exhibited conspicuous deformation (Figure 408 

4A). EF showed obvious shrinkage and its surface was less smooth than the control one. Clear 409 

dotted pores can be seen on SA and EC. For PA, treated cells had pronounced curly and 410 

deformed appearances. These images collectively verified that zp80r would incur significant 411 

cellular abnormalities. 412 

Next, we sought to visualize possible cell content leakage caused by zp80r-induced 413 

membrane disruption. GFP-expressing EC is an engineered strain that could emit green light 414 

by a biosynthesizing specific fluorescent protein. Cells in the control group were regarded to 415 

have intact membrane structure, thus all expressed GFP was harboured within the cytoplasm. 416 

Suffering from attack may result in membrane damage, leading to GFP leakage and a 417 
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consequent decrease in fluorescence value. As depicted in Figure 4B, after 2 hours of 418 

incubation with 8 µM zp80r, only around 70% GFP signal was captured, indicating that 419 

cytoplasm leakage may have taken away some GFP. As to 16 µM and 32 µM groups, the 420 

remaining GFP ratio further decreased to less than 60%.  421 

 422 

 423 

Figure 4. (A) SEM images of bacteria before and after 4 MIC zp80r treatment; (B) Green 424 

fluorescence leakage ratio after various concentrations of zp80r treatment; (C) Confocal 425 

images of (a) untreated GFP-expressing EC, (b) treated with 4 MIC zp80r and (c) a zoom-in 426 

picture of the treated group. 427 

 428 

Through confocal pictures, we were able to monitor GFP dissipation intuitively. By 429 

comparing Figure 4C (a) and (b), dramatic reductions in fluorescence intensity can be detected, 430 

reconfirming the rationality of the membrane destruction assumption. In Figure 4C (c), we 431 
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captured a shot in which GFP was released from two EC cells. These corroborative pieces of 432 

evidence supported that zp80r would be a membrane-targeting pore former. 433 

3.5 Peptide zp80r triggered ROS and membrane dysfunction  434 

When bacterial cells are subjected to environmental stress like antibacterial agent 435 

treatment, their ROS levels would increase dramatically, leading to severe damage to cell 436 

structures [36]. Herein, bacterial ROS accumulation after zp80r treatment was measured. 437 

Figure 5A revealed that zp80r upregulated the intracellular oxidative stress of all tested four 438 

strains significantly (p < 0.0001) even at respective 0.5 MICs. The trend of increasing ROS 439 

conformed to the dose-dependent manner, suggesting that zp80r may affect the biological 440 

function of bacterial cells. 441 

Next, we systematically and quantitatively investigated the degree of damage to bacterial 442 

membranes by zp80r (Figure 5B). G−ve strains have a layer of the outer membrane (OM), 443 

which was believed to resist some extraneous chemicals [37]. NPN assay verified that zp80r 444 

could permeate OM of PA and EC, breaking through the first line of bacterial defense. 445 

Moreover, the PI assay demonstrated that zp80r was able to further penetrate the whole 446 

cytoplasmic membrane system of both G+ve and G−ve bacteria. Their effect was similar to 447 

that of the commonly used surfactant Triton X-100. 448 

Meanwhile, membrane potential alteration of EF and SA was monitored by DiSC3(5). 449 

Cells treated with PBS and 5 µM valinomycin were used as negative and positive controls. The 450 

results shown in Figure 5C indicated that treatments with zp80r would cause membrane 451 

potential dissipation of EF and SA within seconds. Compared to the well-known membrane 452 

potential modulator valinomycin, the process mediated by zp80r was more rapid, suggesting 453 

that the interaction of zp80r molecules with cell membrane could lead to prompt cationic 454 

electrical movement across the phospholipid bilayers. 455 

In summary, these mechanistic studies collectively depicted that zp80r displayed multiple 456 

effects on foodborne pathogens via membrane targeting. After the interaction, it first induced 457 

depolarization by dissipating membrane potential. The helical structure was then inserted into 458 

the membrane system, leading to membrane damage and subsequently ROS response. These 459 

results jointly contributed to membrane dysfunction, envelop integrity deficiency, cellular 460 

content leakage, and finally bacterial death.  461 

 462 
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 463 

Figure 5. (A) ROS responses of four bacteria after zp80r treatment determined by DCFH-DA. 464 

****p < 0.0001; (B) Outer membrane and cytoplasmic membrane permeability tests after 465 

zp80r treatment by NPN and PI staining respectively. *p < 0.05, **p < 0.01, ***p < 0.001, 466 

****p < 0.0001; (C) Membrane potential alternation after zp80r treatment determined by 467 

DiSC3(5). 468 

 469 

3.6 Application of zp80r in controlling multiple bacterial contaminations in chilled fresh pork 470 

Pork is rich in nutrients and water, thus being regarded as an ideal substrate for bacterial 471 

reproduction [38]. Low-temperature storage can’t effectively kill pathogens. More severely, 472 

diversified bacterial communities co-existed in chilled fresh meat, exacerbating the difficulty 473 

of food safety control [39]. We, therefore, evaluated the actual application potential of zp80r 474 

in controlling bacterial growth in retailed pork. A mixture of EF, SA, PA, and EC was applied 475 

to contaminate pork pieces. As shown in Figure 6A, pre-contaminated pork pieces were treated 476 
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with PBS, zp80r, and nisin respectively. After 4 days of storage at 4 ℃, the color of the meat 477 

began to change significantly. On day 7, the pork piece treated with PBS shrank obviously in 478 

comparison with its day 0 and it gave off a strong offensive odor. Furthermore, the texture 479 

looked loose and some thick liquid seeped out. This should be attributed to tissue decay and 480 

water loss caused by bacterial decomposition. Comparatively, the zp80r-treated pork piece 481 

emitted a slighter smell and didn’t have a lot of exudates. 482 

 483 

 484 

Figure 6. (A) Sensory observation of contaminated pork pieces after varied treatment; (B) Live 485 

bacteria count of a total of four strains. *p < 0.05, **p < 0.01, ***p < 0.001; (C) SEM images 486 

of zp80r-treated multiple bacterial contaminated pork leaching solutions. Deformations of 487 

cells were indicated by red arrows. 488 

 489 

Live bacterial number was counted thereafter (Figure 6B). Compared to the control group, 490 

bacterial colonies decreased by 0.69 log10 CFU/g for 4 µM zp80r treatment group, 0.95 log10 491 

CFU/g for 16 µM zp80r treatment group and 1.70 log10 CFU/g for 64 µM zp80r treatment 492 

group respectively. By contrast, 64 µM nisin treatment only resulted in 0.68 log10 CFU/g 493 

reduction. This showed that even an approved food additive nisin, still performed strugglingly 494 

to combat contaminations where G−ve and G+ve strains co-existed.  495 
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At last, we observed the morphology of mixed bacteria in untreated or zp80r-treated pork 496 

leaching solutions (Figure 6C). For the untreated group, a variety of normal bacterial forms 497 

can be identified, suggesting that different bacterial communities co-existed well in chilled 498 

fresh pork. After the zp80r treatment, deformative cells were captured. Pores and disintegration 499 

can be seen on both rod and spheroid bacteria. To summarize, zp80r exhibited favourable 500 

antibacterial potential in chilled fresh pork, especially in intractable multiple contamination 501 

systems, which was worthy of further research and development. 502 

4. Conclusion 503 

Multiple bacterial co-existence on food product surfaces has put forward higher 504 

requirements for its safety control. Here we reported a newly designed peptide zp80r with eight 505 

D-arginine residues. Introducing this unnatural amino acid significantly improved peptides’ 506 

proteolytic stability. It showed a broad antibacterial spectrum against all tested ESKAPE 507 

pathogens and demonstrated low cytotoxicity to human normal gastric cells. Peptide zp80r 508 

also exhibited excellent adaptability in killing bacterial cells at unconventional environments 509 

like low temperature and basic pH. Mechanistic studies proved that zp80r penetrated inside 510 

the cytoplasmic membrane, induced membrane potential dissipation, and trigger ROS response. 511 

Persisters with increased resistance to traditional antibiotics remained sensitive to zp80r. 512 

Lastly, zp80r performed better at dealing with multiple bacterial contaminations than nisin. 513 

These results highlighted that zp80r could be a promising candidate for controlling foodborne 514 

G+ve and G−ve mixture infection.   515 
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