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ABSTRACT 

COMPARING THE POTENCY, STABILITY AND CELL STIMULATING ACTIVITY OF 
PROTEGRIN-1 WITH A HYBRID ANTIMICROBIAL PEPTIDE 

 

Anna O. Maystrenko 

University of Guelph, 2020

Advisor(s): 

Dr. Julang Li 

Multi-drug resistant (MDR) bacteria and their biofilms are a concern in veterinary and 

human medicine. Protegrin-1 (PG-1) is a potent antimicrobial peptide (AMP) with 

immunomodulatory properties, but its application as a therapeutic is limited by its 

instability in physiological conditions. To improve stability of PG-1, a hybrid peptide, 

SynPG-1, was designed. The aim of this study was to compare these two peptides in 

three categories: antimicrobial and antibiofilm activity against MDR pathogens; stability 

within physiological fluids; and impact on IPEC-J2 cell line. The results show that 

SynPG-1 demonstrated a 12-fold increase in serum stability from PG-1 and retained 

activity after 24hrs of pre-incubation. Both peptides marginally inhibited formation of 

biofilms and reduction of biomass in pre-formed biofilms, but showed substantial 

reduction in bacteria within biofilms. Peptides maintained activity after incubation with 

trypsin and porcine gastric fluid, but not intestinal fluid, and were able to stimulate IPEC-

J2 cell migration.  
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1 Introduction 

Since the discovery of penicillin in 1928, antibiotics have given human kind a 

tremendous advantage in fighting infectious diseases (1). It was not long after that the 

discovery of antibiotic resistant bacteria followed (1). Due to bacteria’s high rate of 

chromosomal mutation and the ability to exchange genetic material through 

transformation, transduction or conjugation by plasmids, bacteria can acquire resistance 

to antibiotics (2,3). These antibiotic resistant genes function by altering the antibiotic’s 

target site on the bacteria, inhibiting access to the target site, or directly destroying or 

inactivating the antibiotic (2,3). Almost a century after their discovery, their cheap 

production cost and wide spread, liberal use made antibiotics indispensable in the 

realms of medicine and animal agriculture (4).  

Within the developed world, antibiotics have become crucial in the success of 

medical procedures, such as surgeries, organ transplants and cancer treatments. 

Consequently, the continual use of antibiotics within hospital settings results in the ideal 

environment for developing resistance due to continual selective pressure. Hospital-

acquired Methicillin-resistant Staphylococcus aureus (HA-MRSA) is considered to be an 

endemic multi-resistant pathogen in many hospitals within North America, and such 

nosocomial infections are estimated to be responsible for over 90,000 deaths annually 

within the United States alone (5). Around 50% of HA infections have been attributed to 

the presence of biofilms formed on medical devices including central venous catheters, 

cardiac pacemakers, joint prosthesis and other medical implants (6).  



 

 

2 

 

Besides medical implants, biofilms have been isolated from a variety of surfaces 

including water lines and feeding troughs used for animals, equipment and surfaces 

within meat processing plants, as well as on raw foods (7). Escherichia coli O157:H7 (8) 

and Listeria monocytogenes (9), two pathogens associated with food-poisoning, have 

been demonstrated to form biofilms. Thus, the formation of biofilms can serve as a 

source of continual infection for both humans as well as animals and pose a risk for the 

spread of zoonotic disease.   

Despite the continual escalation of bacterial resistance world-wide, global 

consumption of antibiotics has only increased both in humans and animals. Better 

access to antibiotics in countries like Brazil, Russia, India, China and South Africa has 

spurred global human consumption by 36% within a 10 year span (4). Meanwhile, 

consumption of antibiotics by animals in these countries is estimated to grow by 99% by 

the year 2030 (10). This drastic increase mirrors that of the growing human population 

and consequent growing demand for animal proteins. Efforts to circumvent 

antimicrobial-resistance through bans and regulations on antibiotic use for livestock 

have been made in countries like Canada (11), the United States and those within the 

European Union (4). However, concern over the efficacy of these measures in reducing 

antibiotic use and the financial impact it has on livestock producers has been 

scrutinized. Current vaccination options are insufficient in maintaining animal health 

alone. Most current vaccines against bacterial infections are disease specific and 

require laborious individual administration (12). Additionally, viral infections, such as 

Porcine Reproductive and Respiratory Syndrome Virus (PRRSVs), tend to make the 
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host susceptible to secondary bacterial pathogen infections. Furthermore, a Canadian 

study yielded results which warn that the transition from in-feed prophylactic 

administration of antibiotics to metaphylactic or individual treatment of animals would 

have significant negative impact on net farm income (12). This author predicted that if 

future policy were to ban prophylactic administration of antibiotics, based on their 

assessment, it could promote the use of Class 1 antibiotics: a class categorized for high 

importance for treating human infections. Additionally, evidence from hog farms in 

Denmark suggests that bans on antibiotic use could counterintuitively increase antibiotic 

prescription. Following the ban on growth promoting antibiotics, the study monitored 

prescribed antibiotic use of the 68 farrow-to-finish farms and found a substantial 

increase in the frequency of antibiotic treatment in some farms (13). However, 

regardless of their use, antibiotic resistant bacteria has still been reported on antibiotic 

free farms (14,15). 

Taken together, these studies point to an overwhelming need for alternative 

strategies for antibiotic use both in human and animal medicine. Antimicrobial peptides 

(AMPs) are an area of therapeutic agents which have great potential as alternative for 

conventional antibacterial therapies (16–18). AMPs hold a number of advantages over 

antibiotics, including broad spectrum antimicrobial activity, immunomodulatory functions 

and a unique mechanism which reduces the risk of resistance developing. Additionally, 

recent research  has shown that AMPs can function as antibiofilm agents (19,20). 

Despite this, the implementation of these compounds into commercially available 

products has been slow due to complications with stability in vivo, untargeted toxicity 
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towards host cells and costly production (21). In attempt to improve AMPs, many 

researchers have implemented biotechnological techniques of amino acid editing and 

hybridization of peptide structures in order to improve AMPs activity (22–25). Thus, the 

aim of this study was to compare the performance of an AMP, Protegrin-1 (PG-1), to a 

synthetic PG-1 hybrid peptide (SynPG-1) in vitro, in three different categories of activity: 

bactericidal and antibiofilm activity; stability within physiological fluids; and stimulation of 

cellular immune response in an intestinal epithelial cell line.  

2 Literature Review 

2.1 Overview of Antimicrobial Peptides 

2.1.1 Origin of Antimicrobial Peptides 

Antimicrobial peptides, or AMPs, are a class of peptides which function as the 

first line of immunological defense for a variety of organisms (26), including mammals 

(27), birds (28), amphibians (16),  fish (29), insects (30), and fungi (31). According to 

The Antimicrobial Peptide Database (32), over 3,000 AMP have been identified, 

including synthetic peptides. In mammals, these peptides are produced by various 

innate immune cells including macrophages (26), neutrophils (33) as well as Paneth 

cells and enterocytes located within the intestinal lining (34). During phagocytic action, 

these peptides are activated and facilitate microorganism killing inside the cell (26). Or, 

as in the case of enterocytes and neutrophils, AMP are released into the luminal or 

extracellular environment (34,35). Due to their role in combating infection, AMPs can 

also be referred to as ‘host-defense peptides’(17). Observation of these peptides and 
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their wide range antimicrobial activity is what made them an attractive source for new 

therapeutic drug development, and templates for novel antimicrobial drug design. 

2.1.2 Structure and Classification of Antimicrobial Peptides 

Generally, all AMP can be described as being less than 40 amino acids in length, 

consisting of more than 30% hydrophobic content, and possess an overall positive 

charge (17). These characteristics grant AMP their amphipathic configurations, a 

property critical for carrying out bacterial killing (36). Despite these few features, the 

structure of AMPs varies widely, reflecting the vast evolutionary changes undergone 

through coevolution with microorganisms. In attempt to better understand these 

molecules, several categorizations for AMP exist (18,26,36). The most common 

methods of classification focus on the secondary structure, with the four sub-groups: 

alpha-helical, beta-sheet, extended and loop (37). Figure 1 shows representative 

antimicrobial peptides from each of these groups. Here we will focus on the two major 

sub-groups Alpha-helical AMP and beta-sheet AMP.  
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Figure 1: Representative secondary structures for the four antimicrobial peptide classes: alpha-helical, 
beta-sheet, extended and loop. Structures were generated using ChimeraX. (a) Human Cathelicidin LL-
37 (PDB ID: 2K6O). (b) Horseshoe Crab Tachyplesin II (PDB ID: 6PI2). (c) Bovine Antimicrobial Peptide 
Indolicidin (PDB ID: 1G89). (d) Insect Defense Peptide Thanatin (PDB ID: 8TFV).  

 

 

 

 

 

 

 

https://www.rcsb.org/structure/2K6O
https://www.rcsb.org/structure/6PI2
https://www.rcsb.org/structure/1G89
https://www.rcsb.org/structure/8TFV
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2.1.2.1 Alpha-helical Antimicrobial Peptides 

Alpha-helical AMP are considered to be the most diverse group of AMP across 

evolution (36) with the best studied mechanisms of cellular membrane disruption 

(17,38). Although linear in solution, when into contact with the negatively charged 

bacterial membranes, they adopt an alpha-helical structure (39). The alpha-helical 

configuration of these peptides has been recognized as an important component of their 

antimicrobial activity (36). Additionally, they often possess a kink or hinge region in the 

middle of their structure (36). Many peptides which have this conformation belong to the 

Cathelicidin family of AMP (17), including human LL-37 (40), human CAP-18 (41), ovine 

SMAP-29 (42), and bovine BMAP-27 (43). The powerful activity of these peptides has 

made them popular templates for many synthetic peptide designs.  

2.1.2.2 Beta-sheet Antimicrobial Peptides 

Beta-sheet AMP are also often called Cystine-Rich Peptides, featuring 6 or so 

Cystine residues within their amino acid sequence, but have also been noticed to be 

proline and arginine rich (44). Cystine residues allow for three intramolecular disulphide 

bonds to form across the small peptide chain, resulting in a beta-sheet structure (18,36). 

The most studied source of these proteins have been the defensin family of proteins, 

such as human HNP3 (45), human HBD-2 (44) but also include some cathelicidins 

including bovine Bac5 (44) and the Protegrin family of peptides(46). Shorter sequences 

in some beta-sheet peptides, including Protegrins, horseshoe crab Tachyplesin and 

spider Gomesin, result in a hairpin structure (46,47). 
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2.1.3 Porcine Protegrin-1 

Protegrin-1 (PG-1) is one of five peptides which were first isolated from porcine 

neutrophils by Kokryakov et al in 1993 (46). While at first, their short 16-18 amino 

acid beta-hairpin structure and Cystine to Cystine disulphide bonds, cast a similarity 

to other beta-sheet peptides, such as tachyplesins and defensins, the placement of 

the Cystine residues did not match in these new peptides, and were therefore 

classed as a new family of peptides; Protegrins. Of these five, PG-1 has been the 

most studied, as it is naturally expressed in higher concentrations than other 

protegrin counterparts and possesses high antimicrobial activity against a broad 

range of microorganisms at incredibly low concentrations. Within the leukocytes, 

PG-1 is synthesized along with a conserved cathelin domain on the N-terminal 

domain, and thus is classified as a Cathelicidin (48). The peptide is stored within the 

secretory granules of neutrophils and macrophages in this ProPG-1 form until 

release. Upon contact with foreign bodies, the cathelin domain is cleaved off by the 

serine protease, elastase, to release the “mature”, active PG-1 (49). 

2.2 Mechanisms of Action 

The most notable difference between antibiotics and AMPs is the ways in which 

they impart bacterial death. Conventional antibiotics operate via one of three 

mechanisms: inhibition of cell wall synthesis; inhibition of bacterial protein synthesis; or 

disruption of bacterial DNA replication (3,50). Conversely, AMP primary means of 

bactericidal effects is through disruption of the cell membrane (36). While some 
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antibiotics, such as Colistin and Polymyxin B, also function through this mechanism, 

their severe side effects, such as acute kidney injury, results in their stringent use as 

“last-line” treatment options (51). Additionally, the same properties which enable AMP to 

impart antimicrobial activity have been shown to act in a similar fashion to disrupt 

bacterial biofilms (19). As components of the innate immune system, AMP can also play 

a secondary role in immunomodulation (38), thereby indirectly promoting the clearance 

of infection.  

2.2.1 Bactericidal Activity of Antimicrobial Peptides 

The ability to disrupt cellular membranes is inherent in the structural property of 

most AMPs and depends largely on the properties of the targeted cell membrane. The 

initial attraction to cell membranes which bring AMPs to the surface of a bacterial cell 

stems from the electrostatic attraction of the cationic peptide to the negatively charged 

membrane (36). Anionic components such as phospholipids and phosphate groups of 

lipopolysaccharides (LPS) on gram-negative bacteria offer means of binding for cationic 

AMPs (52). Similarly, teichoic and lipoteichoic acids which comprise up the 

peptidoglycan layer of gram-positive bacteria, create an anionic surface for AMPs to 

bind on (18,52). Once bound, it is at this point in which the polar and hydrophobic 

residues cause alpha-helical peptides to fold into amphipathic structures (36). 

Meanwhile, beta-sheet AMPs maintain their rigid structure during interaction with 

membrane (53). After sufficient accumulation of AMPs on the membrane surface, 

hydrophobic components of the AMP allow for insertion into the membrane (36,53).  
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However, this process not well understood and is thought to vary from peptide to 

peptide. 

There are four proposed models describing the mechanisms that AMP enact to 

permeabilize the membrane. Briefly, the carpet model suggests that the electrostatic 

interactions allow AMP monomers to lay across the membrane, as if to form a carpet. 

Once reaching a threshold concentration, the cumulative pressure of hydrophobic 

insertion induce membrane curvature and formation of lipid micelles, thus disrupting the 

membrane integrity (17,54). Similarly, within the Toroidal pore model, AMP hydrophobic 

insertion into the membrane facilitate continuous bending of the membrane monolayer 

to form pores, with AMP lining the extracellular/cytosolic side, and phospholipid on the 

intermembrane space side (55). The barrel-stave model involves the direct vertical 

insertion of multiple AMP into the membrane, resulting in the formation of a barrel-

shaped ion permeable channel (56). Lastly, the “unstructured pore” model has been 

suggested and is considered by some as an extension of the Toroidal pore model (57). 

This model arose after some experimental evidence showed that peptide orientation 

during permeabilization was not entirely perpendicular to the membrane as originally 

assumed, but instead anchored in different angles (58). Depending on a peptide’s 

composition and distribution of hydrophobic and polar residues, it may adopt any one of 

these models. Additionally, it may be that a single AMP may function through more than 

one of these mechanisms or through a combination. Additionally, some AMPs can also 

demonstrated intracellular activity (59). 
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2.2.1.1 Bactericidal Activity of Protegrin-1 

The bactericidal activity of PG-1 directly associated with its structure. The amino 

acid sequence of PG-1 is organized in a way that once folded into the beta-hairpin 

conformation, all positively charged and hydrophilic arginine groups are located at either 

termini or comprise the turn of the beta-hairpin. Meanwhile, hydrophobic residues fill the 

interior of the peptide. This sequence provides the peptide its amphipathic nature, as 

well as rigid structure that remains largely unchanged when associating with membrane 

of the bacteria, or during oligomerization with other peptides (60). In the presence of 

bacteria, the positive residues attract PG-1 to the negatively charged wall of the 

bacterial membrane (61). Following a toroidal pore model (39,62), PG-1 dimers form, 

likely through H bonds between the 8th and 12th amino acids positions of two PG-1 

monomers (63). These dimers begin to bend the membrane due to interaction with 

hydrophobic residues (64). Upon additional PG-1 oligomerization (65), complete 

insertion of the peptides results in pore formation, allowing cytosolic contents to escape 

(66). Sufficient pore formation results in the death of the bacteria (63,64). It’s been 

demonstrated that about 100 pores are required to achieve the death of E.coli (66), but 

generally Minimal Inhibitory Concentrations (MIC) are cited around 1 μg/mL for a variety 

of microorganisms (67).  

2.2.1.2 Resistance to Bactericidal Activity in Protegrin-1 

By directly targeting of the cellular membrane, the potential for development of 

resistance by pathogens to PG-1 is lower than that of antibiotics. This comes from the 

fact that in order to develop resistance, a bacteria would have to undergo a major 
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mutation to it’s cellular membrane composition (68). Although bacterial mechanisms to 

resist AMP do exist (69–75), including for PG-1 (68,76,77), resistance can be 

subverted, so long as the peptide stays within its appropriate bactericidal concentration. 

Additionally, it has been demonstrated how the time required for resistance to develop 

against an AMP is much longer than that of an antibiotic. Perron et al. only began to 

witness resistance to the AMP pexiganan, after sub-culturing the peptide at half its MIC 

with E. coli or Pseudomonas fluorescens for 600 to 700 passages (78). Steinberg et al. 

also reported no evidence of resistance to Pseudomonas aeruginosa or MRSA after 18 

serial passages with PG-1 at half it’s MIC. Similarly, no resistance was witnessed after 7 

to 14 passages of PG-1 with Acinetobacter baumannii by Morroni et al (79). In 

comparison, Tambe et al. demonstrated substantial increases, ranging from 10-fold to 

25,000 fold in resistance of Staphylococcus epidermis to a number of antibiotics and 

antiseptics after only 10 or 20 passages (80). 

2.2.2 Anti-Biofilm Properties of Antimicrobial Peptides  

While AMPs have been predominantly of interest due to their bactericidal activity, 

many have noted that the same attributes of AMPs which facilitate bacterial killing can 

also function in inhibiting or disrupting biofilms. The following section will outline the 

formation of biofilms and the different mechanisms in which AMPs have been theorized 

to act to destroy them. 

Biofilms are multilayered communities of immobile bacteria which grow adhered 

to either inorganic or organic surfaces, encased within a self produced extracellular 
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polymeric substance (EPS) matrix (6). While the specific conditions under which biofilm 

formation occurs is not entirely understood, current literature agrees that biofilm 

formation is primarily an adaptive response to an inhospitable environment (6). Biofilm 

development can be described in 5 steps, as outlined by Park et al (20). Cells growing 

within a carbon and nutrient limited environment begin to enter a slower metabolic 

status, similar to that of bacteria in stationary phase, and begin expressing surface 

adhesion factors (81,82). Bacteria are initially attracted to surrounding surfaces through 

Van der Waal’s forces, and begin the process of reversable adhesion through the 

formation hydrogen bonds to the solid surface (81) (Step 1). Irreversible adhesion 

occurs once bacteria are close enough for receptor mediated adhesion (81). Adhesion 

receptors expressed on the initial layer of bacteria, allow for more cell attachment, and 

eventual build up of colonies (Step 2). After reaching a certain density of cells, the 

formation of the EPS begins through secretion of various polysaccharides, lipids, 

proteins and nucleic acids (83) (Step 3). This process is thought to be regulated through 

quorum sensing, a system of cell to cell communication through small molecules, called 

autoinducers, which result in coordinated gene expression (84). The hallmark of a 

mature biofilm is when microcolonies within the EPS are phenotypically distinct from 

their planktonic, free floating, cell counterparts, through drastic differences in gene 

expression (85) (Step 4).  Bacteria may leave the matrix and disperse into the 

surrounding environment, traveling and attaching to other surfaces to reform a new 

biofilm (20) (Step 5). This dispersal can have negative consequences for the host, 
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triggering toxic shock from the sudden exposure of microbial colonies leaving the EPS 

(85).  

2.2.2.1 Mechanisms of Antibiofilm Activity by Antimicrobial peptides 

The anti-biofilm activity of AMPs is evaluated by either observing the peptide’s ability 

to limit the adherence of bacteria to a surface, or the application of AMPs in destroying 

of a previously formed biofilm (86). However, the mechanisms of antibiofilm activity by 

AMPs has not yet been well studied. According to a systemic review conducted by Yasir 

et al., there are five major antibiofilm targets (19). The first mechanism by which AMPs 

can destroy biofilms is through the disruption of the EPS (87). Many of the same 

properties associated with bacterial killing, such as lipid disruption (52), binding to 

polysaccharides (18), as well as complexing with bacterial DNA (88), apply in the case 

of binding these targets within the EPS. In particular, pore formation within the lipid 

components of the EPS (20), may be a central function for allowing AMPs to access 

other targets within. Once inside, another likely mechanism is the disruption of cellular 

membranes of biofilm embedded cells, similar to the bactericidal activity of their 

planktonic counterparts (89). A third mechanisms involves interruption of Quorum 

Sensing pathways, by binding and sequestration of autoinducers, which therefore 

prevent production and maintenance of the EPS matrix (90). Similarly, AMPs may 

disrupt a different form of cell to cell communication by binding signaling nucleotides 

involved in the stringent stress response. The stringent stress response is a means of 

reprogramming transcription during a lack of nutrient availability universal to all bacteria, 

may regulate some genes involved in biofilm formation (91). Binding of the signaling 
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nucleotides involved in this response, and preventing them from reaching their target 

cells, can dis-coordinate cells and result in lack of upkeep of the biofilm (92). Lastly, 

some AMP have been shown to inhibit the expression of important genes involved in 

biofilm formation (93) and transportation of binding proteins involved in cell to cell and 

cell to surface interactions within biofilms (94). Whatever the mechanism, there is a 

clear application for AMP in the inhibition and destruction of biofilms. 

2.2.3 Immunomodulating Properties of Antimicrobial Peptides 

Although the main function of AMPs when released within a living organism 

appears to be bactericidal activity, AMPs play an important role as regulators of the 

immune system. The involvement of AMPs in the initiation and recruitment of both 

innate and adaptive immune systems has been well studied. Human cathelicidin, LL-37, 

is a well studied example with a myriad of reports outlining its functions outside of direct 

bacterial killing. These actions include: endotoxin binding and neutralization (41); 

chemotaxis of neutrophils, monocytes and T cells (95); induction of chemokine and 

cytokine production (96); and promoting epidermal growth and subsequent wound 

healing through transactivation of epidermal growth factor receptors (97). Additionally, 

some studies have demonstrated the potential use of AMP as adjuvants for vaccines 

that can help steer the humoral response towards enhanced antibody production. 

Bommineni et al. reported enhanced IgG production in mice co-immunized with a 

benign antigen, chicken ovalbumin, and chicken cathelicidin, fowlicidin-1 (98). Overall, 

research in AMP function outside of bacterial killing is encouraging, as it may have the 
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potential to boost the immune response without the associated risk of developing further 

antimicrobial resistance. 

2.2.3.1 Immunomodulatory Mechanisms of Protegrin-1 

While the immunomodulating properties of PG-1 have not generally been the 

focus of many studies, some research has revealed two distinct mechanisms by which 

PG-1 may help in steering the immune response. Like most cationic AMPs, PG-1 

displays electrostatic attraction towards the major anionic structures of bacterial 

membranes, including LPS, teichoic acid (52) and capsular polysaccharides (99). These 

structures, also referred to as endotoxins, serve as the major Pattern-Associated 

Molecular Patterns (PAMPs) to which Pattern Recognition Receptors (PRRs) on 

leukocytes bind to and in order to mount the innate immunological host response and 

initiate the release of pro-inflammatory mediators (100). In instances of substantial 

bacterial lysis, the subsequent mass release of endotoxin results in an over activation of 

the pro-inflammatory immune response, called endotoxic shock syndrome (101).  

Like other cathelicidins, PG-1 has been shown to dampen proinflammatory 

responses by binding and neutralizing endotoxins, preventing their interaction with 

initiators of the proinflammatory response. Zughaier et al. demonstrated PG-1’s ability to 

neutralize Lipooligosaccharide (LOS) endotoxin from Neisseria meningitidis, and LPS 

from S. typhimurium and E. coli 55:B5. In this study, various human macrophage-like 

cell lines were stimulated with LOS and PG-1 had a significant reduction in tumour 

necrosis factor alpha (TNF- ) release, while murine macrophages given the same 

treatment showed a reduction in nitric oxide release (102). Neutralization of endotoxin 
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was thought to occur due to PG-1 aggregates binding and blocking the LOS or LPS 

from its primary receptor on macrophage cells, TLR4. However, when the release of 

reactive oxygen species (ROS) from these cell lines was measured, PG-1 was seen to 

amplify ROS production in the presence of LOS or LPS in a synergistic fashion. 

Although, this process of enhancing the respiratory burst was postulated to occur 

through a TLR4-independent manner (102). 

Aside form macrophages, PG-1 has also been shown to stimulate other cell 

types in vitro. Gupta et al. showed that PG-1 was able to induce human mast cell 

degranulation (103), which plays an important roll in inducing vascular permeability and 

recruiting of neutrophil cells to the site of infection. Meanwhile, Penney and Li found that 

PG-1 stimulated the migration of porcine intestinal epithelial cells in vitro suggesting a 

possible interaction with Insulin-like Growth Factor 1 (IGF-1) receptor (104). Baumann 

et al. demonstrated the ability of PG-1 to activate plasmacytoid dendritic cells when 

complexed with bacterial DNA or synthetic RNA(105).  

2.3 Challenges for Antimicrobial Peptide Therapeutic Application 

Despite their high functioning capacity in live organisms, commercial production of 

AMPs has not always met with the same success. Degradation of peptide by proteases 

in tissues and serum is a major hurdle for their systemic therapeutic application. 

Additionally, cytotoxicity towards host cells and costly production, are attributes which 

further complicate the use of natural AMPs in pharmaceutical industry. PG-1 is no 

exception to these issues.  
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2.3.1 Stability of Antimicrobial Peptides in Physiological Conditions. 

Despite numerous therapeutic candidate AMPs, standard laboratory antimicrobial 

assay screening usually fails to incorporate physiological conditions into their evaluation 

of bactericidal activity (106). Many defensins have been shown to lose their activity in 

the presence of blood or serum (107), supposedly due to complexing with major serum 

proteins (108), such as albumin(109). Additionally, many bioactive compounds, 

including small peptides, tend to have a short half-life due to active clearance by the 

kidneys (110). These constituents have been noted to inhibit the successful availability 

and delivery of many therapeutic drugs (111). Positively charged ions in salt, can 

interfere with the electrostatic interaction between AMP and the bacterial membrane, by 

masking the negative charge of the membrane (112). Meanwhile, oral drug delivery of 

AMP is halted by fluctuating pH and strong digestive protease action from trypsin and 

chymotrypsin (113–115). Additionally, residual digested materials from food particles as 

well as changes to the acidity of the environment can impact the aqueous solubility of 

the peptide and further reduce it’s availability for antimicrobial action (116). 

2.3.2 Cytotoxicity of Antimicrobial Peptides Towards Mammalian Cells  

The affinity of AMP for cell membrane binding is not always exclusive to prokaryotes. 

Although, eukaryotic cells are positively charged (18), cytotoxic activity has been 

reported in many AMPs. This ability may stem from the fact that some AMPs also act as 

anti-cancer peptides (ACP) (117) which bind to host cells by recognizing 

phosphatidylserine (PS), a negatively charged peptide in cancer cells (118).  

Undesirable cytotoxicity is commonly measured by hemolytic ability or cytotoxicity 
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towards a mammalian cell line. This presents a challenge for AMPs development for 

therapeutic uses. The same design characteristics that increase bactericidal activity, 

such as increasing hydrophobicity, increase cell cytotoxicity and hemolytic activity (119). 

For instance, in one study on histodine-derived AMPs, the deletion of Arg from the N-

terminus of peptide increased antimicrobial activity against gram-negative bacteria but 

increased hemolytic activity (18). 

2.4 Strategies for Improving AMP 

Despite their high functioning capacity in live organisms, commercial production 

of AMPs is not always met with the same success. Issues such as stability in 

physiological fluids, cytotoxicity towards host cells and costly production, are attributes 

which complicate the use of natural AMPs in pharmaceutical industry. For these 

reasons, many researchers have taken on the challenge of incorporating natural AMPs 

designs in the creation of new synthetic AMPs in order to overcome these obstacles.  

2.4.1 Approaches to Novel AMP Design 

There are a number of ways to approach new peptide design, many of which are 

thoroughly discussed in Ong et al’s review (120). One method is template modification. 

This strategy involves optimizing design by using a natural peptide as a template. Often 

optimization comes in the form of sequence truncation or amino acid substitution since 

many natural peptides tend to have long sequences which can result in high production 

costs (120). Other design alterations include hybridization and cyclization of natural 

peptides to investigate relationships between a particular design structure and its 

functional importance for peptide activity (120). Another strategy is called minimalist de 
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novo design. This strategy focuses on designing novel peptides based on looking at the 

major functional motifs such as charge, amphipathicity, and secondary structure of 

natural peptides. This often looks at achieving target characteristics using the simplest 

design features. Simple sequence is advantageous not only for easy cost-effective 

production, but also for reducing the possibility of cellular toxicity and induction of 

immune response.  

Some design approaches have employed the use of large natural and de novo 

peptide libraries to screen for peptide structural characteristics that are specific to 

certain pathogens (121). Through these screening methods, common structural 

characteristics such peptide length, overall charge, hydrophobicity, and commonly 

occurring residues, can be compared and used to rationalize novel peptide design 

(121). Although, this method is effective, Pearson et al demonstrated that it is also 

important to consider mechanistic rules when using peptide databases for novel designs 

(122). In their study, they used a 44-peptide database to construct four novel AMPs 

specific against Mycobacteria tuberculosis, one of which, “B4”, was a “scrambled 

sequence” based solely on the information from the database. In contrast to other 

peptides which were designed with an amphipathic alpha-helical structure, B4 had as 

much as a 2-fold decrease in antimicrobial activity, underlining the importance of 

sequence order in addition to amino acid composition.  

While this method is more cost effective than simply scrambling the sequence 

(121), it is highly dependent on the quality of the library. The more up-to-date the data 

base is, the more data is available for use and comparison in design. One further 



 

 

21 

 

limitation to the “ab initio” method for designing peptide is the initial “filtration” of basing 

peptide design for a single particular pathogen. As seen by Mishra and Wang, although 

the “ab initio” method was successful in designing AMPs with a low MIC for their target 

pathogen (3.1uM AMPs against S. aureus), when tested against other, non-target 

pathogens, the antimicrobial activity of the peptides was considerably weaker (120uM 

against B. subtilis, E. coli and P. aeruginoa) (121). In contrast, Pearson’s designed 

peptide did have some strong activity against some non-target pathogens (122). 

Regardless, these approaches towards novel peptide design can drastically improve 

peptide qualities. 

2.4.2 Strategies in Improving Potency  

The potency of a peptide against bacteria is dependent on the composition of the target 

bacteria’s membrane and its electric potential (18). As such, most novel AMP designs 

focus on three main attributes; net charge, hydrophobicity and amino acid length (123). 

High cationic charge is crucial for interactions with the negatively charged bacterial 

membranes. Cationic amino acids, such as Arg (+1 at pH = 7) and Lys (+1 at pH = 7) 

are often incorporated for this purpose (124). However, some have noted that the 

presence of Lys residues can be associated with a reduction of the antimicrobial activity 

of peptides, as seen when only cationic amino acids present in the design (125). High 

hydrophobic content is also important for facilitating membrane insertion for subsequent 

permeabilization (126). Bulky, hydrophobic residues, such as Trp or other aromatic 

residues, are effective for this function (124). Leu has also been recognized as an 

important amino acid in bacterial targeting. In one experiment, a peptide design 
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consisting of mainly Leu had higher antimicrobial activity than the Val and Ile analogues 

of this peptide (121). This finding was true in the case of Kim et al. who found that of the 

seven synthetic analogue peptides designed in their study, the analogue which 

possessed the most Leu residues in its structure, had the highest antimicrobial activity 

(127). This effect can be attributed to the evidence that Leu is more hydrophobic than 

Val or Isoleucine and therefore has higher membrane binding potential (121,127), as 

well as, greater helix-forming tendency (128).  

 Meanwhile, peptide length has also been noted as an important attribute to 

antimicrobial ability (123).  There has been some evidence to suggest that shorter 

peptide lengths may have greater antimicrobial ability (18,123). For instance, higher 

activity after truncation of peptide was also observed on study looking at ultra-short His-

derived AMPs (HDAMPs) (129). Additionally, Deslouches et al. found no advantage in 

increased length for antimicrobial activity when alpha-helical peptides varying from 12 to 

24 amino acids, were designed consisting exclusively of Arg residues for the hydrophilic 

face, and Val for the hydrophobic face (130). However, this relationship between length 

and activity still requires more investigation. 

On the other hand, some authors stress the importance of secondary structure 

as the major contributor of permeabilizing activity.  Pearson et al. evaluated different 

amino acid compositions in relation to secondary structure. They showed that an 

imperfect amphipathic design for an alpha-helical peptide (helix with one hydrophilic 

face and one hydrophobic face, with the hydrophobic face disrupted by one hydrophilic 

amino acid) was successful in increasing antimicrobial activity (122).  
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2.4.2.1 Peptide Hybridization for Improving Antimicrobial Potency  

Despite researchers’ greatest attempts at designing broad spectrum AMPs, 

ultimately it is the composition of the bacteria that dictates AMPs interaction. For 

instance, although previously mentioned that cationicity has been correlated to 

increased antimicrobial activity, Mishra et al found that increasing cationic content was 

not useful in improving the antimicrobial activity against MRSA, but instead reduced cell 

specificity (121). In contrast, some novel peptide design has focused on combining 

favorable sequences from two or more natural AMPs, to form hybrid peptides with 

broader activity. AMPs such as bovine lactoferricin (Lf B), cecropin, plectasin, buforin 

and maganin have been combined to form successful hybrids (22–24). Similarly, 

increasing binding to specific targets on bacterial membranes has been shown as an 

effective strategy to improve activity against some pathogens. For instance, Mohanram 

et al. showed how the addition of a short LPS-binding peptide, was able to increase the 

activity of antimicrobial peptides, temporin, by almost 100 fold (131). Kim et al. also 

evaluated the benefits of hybridization by studying three LPS-binding domains when 

added to an antimicrobial peptide. The three LPS-binding domain designs consisted of 

a sequences from human lactoferrin (Lf H) or bactericidal/permeability increasing 

protein (BPI), as well as a novel design generated by comparing known fragments of 

LPS-binding domains of various peptides, which they called “Syn” (132). These LPS-

binding hybrids successfully increased the antimicrobial activity against gram-negative 

bacteria about an 8-fold difference from the parent peptide. Thus, strategic hybridization 
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with specific targeting sequences, may be a simple method for increasing antimicrobial 

peptide activity.  

2.4.3 Strategies Employed in Improving Stability 

Under physiologically and pathologically relevant conditions, antimicrobial activity 

of natural AMPs deteriorates over time. This potential for degradation is one of the 

major barriers towards developing AMPs for oral or systemic therapeutic administration 

(115). Thus, peptide design exclusively focused on increasing antimicrobial potency, is 

not productive. For example, while the incorporation of Arg and Lys is beneficial for 

increasing antimicrobial activity, paradoxically these residues make AMP susceptible to 

cleavage by trypsin (125). Similarly, aromatic residues such as Trp, Phe and Tyr which 

help in hydrophobic interactions are targeted by chymotrypsin (125). In the context of 

subcutaneous and intramuscular injection for AMP administration, similar challenges 

exist. During wound injury, serine proteases such as thrombin can induce trypsin-like 

cleavage at Arg and Lys sites (133).  

Common strategies employed at preventing degradation by proteases include 

various chemical modifications. The incorporation of D-amino acids is used to make and 

study peptide analogues (106,134–136). This is where the orientation of the amine 

group is on the right of the α-carbon atom of the amino acid, giving it a D-enantiomer 

configuration versus the naturally occurring L-enantiomer configuration (137). The 

rationale for this strategy is that proteases are not suited to recognize these 

stereoisomer residues, and therefore the likely hood of the peptide’s cleavage is greatly 

reduced. Similarly, substitution with β- or γ-amino acids which possess one or two 
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methylene groups in between carboxyl and amine groups, has also been demonstrated 

to reduce proteolysis (138). Other strategies involve modifying peptide terminal ends to 

increase resistance to cleavage by exoproteases. These include cyclization of the 

peptides through backbone linkages established through either covalent bonds, or 

acetylation and amidation of N- and C-termini (139,140).  

 Besides chemical alterations, other effective strategies towards improving 

degradation include dimerization of the peptide (141). In this case, Cystine residues are 

introduce into the structure of the AMP to encourage disulfide bond formation between 

peptide monomers (142). These designs were based off of rare dimerized peptides 

which have been found in nature, such as Cryptidin-related Sequence (CRS) peptides, 

and have demonstrated resistance to trypsin (143). It has also been suggested that 

situating susceptible cleavage sites closer to disulphide bonds may help to protect them 

from cleavage by endoproteases (42). Another approach is the strategic rearrangement 

of the amino acid sequence to try and avoid possible protease cleavage sites. This 

technique has been used both by Kim et al. and Wang et al to design a novel series of 

analogous peptides with resistance against trypsin and chymotrypsin cleavage 

(127,144). To slow cleavage by trypsin, both studies placed Pro or Glu at the carboxyl 

side of cationic residues like Arg or Lys, to block the enzyme’s cleavage site (127,144). 

To prevent against chymotrypsin digestion, both avoided placing Trp and Phe residues 

at the P1 position, and included residues like Ile and Val which have long alphatic side 

chains, to increase the hydrophobic face depth of the peptides (127,144).  
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Aside from the presence of proteases, the biggest factor influencing peptide 

stability in an organism is the presence of high salt concentration in serum. Lipid 

modeling of AMPs interaction suggests that higher salt concentration results in closer 

packing of lipid membranes, thus making it harder for a peptide to destabilize the 

bacterial membrane (145). In serum, the concentration of salt remains at 154nM (146). 

As pointed out by Dong et al, increasing the overall net charge of a peptide can help 

lesson the impact of salt ion interference in electrostatic interaction with the bacterial 

membrane (147). Meanwhile, Ciornei et al. found that the truncation and reduced 

hydrophobicity of a peptide following a LL-37 template design had enhanced salt and 

serum stability (148). 

2.4.4 Peptide Modification and Enhanced Immunomodulatory Activity 

While current novel peptide design is somewhat of a balancing act between 

optimal potency, stability, and low cost, an important factor often omitted from peptide 

design considerations is the impact modification may have on the peptide’s ability to 

promote the host immune response. Endogenous peptides have evolved over millennia 

to modulate complex immune interactions and can have multiple functions and targets.  

For instance, peptides such as LL-37 and HBD, have been shown to interact with 

multiple different receptors and cell signaling pathways (96,97,149). Since these 

interactions are thought to be specific to the peptide’s sequence as well as the receptor 

type, the cell type and signaling molecules present, modifying the sequence can risk 

abolishing the immune modulating function (150). Furthermore, considering the 

complexity of the immune system and cellular response pathways, there is major 
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difficulty in studying the immune modulating functions for many peptides, let alone the 

structure-activity relationship involved in targeting these responses (150). For this 

reason, most novel peptide designs seem to focus on pathogenic targets as a means of 

achieving innate immune regulation, rather than host receptor targets. By binding and 

deactivating bacterial endotoxins, many synthetic AMPs have been able to achieve anti-

inflammatory properties (132,148,151). Specific binding to these targets is easier to 

achieve in synthetic peptide design than specific binding to host receptors, since similar 

properties which dictate antimicrobial activity, can also dictate endotoxin binding.  

However, some studies have been successful in achieving either equal or greater 

immune modulation through means not exclusive to endotoxin binding. A study by 

Ciornei et al centered around testing truncated analogues of LL-37, developed less 

cytotoxic and stable variants which also maintained the chemoattractant activity of the 

parent peptide (148). On the other hand, Scott et al took an unconventional approach 

towards peptide design by attempting to design synthetic peptides with 

immunomodulatory activity (152). After using a synthetic library to compare the 

quantitative structure-activity relationships of various de novo peptide designs, coupled 

with pattern-recognizing neural network technology, a series of peptide predicted 

enhanced immune regulating peptides were developed and screened for 

immunomodulatory activity (152). Their study resulted in the characterization of a novel 

peptide IDR-1 (Immune Defense Regulator Peptide) which lacked any strong 

antimicrobial activity, but activated monocytes and macrophages and protected mice 

infected with both gram-positive and gram-negative pathogens (152). Later, working 
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with the same database, Wu et al. further developed machine learning technology to 

predict amino acid sequences which would have high antimicrobial activity, and low 

cytotoxicity (153). The resulting synthetic peptide, DP7, was later shown to also 

increase the percentage of monocyte and leukocyte cells present at the site of infection 

in mice, when conjugated to cholesterol, allowing micelle self-assembly (154).  

 The advantage of focusing peptide design on enhancing immune modulating 

functions over direct antimicrobial activity is that the clearance of the pathogen is not 

dependent on the continual presence of the peptide. It was noted that even when IDR-1 

was administered 6 hrs or 48 hrs prior to inoculation, at which point the peptide would 

have likely been degraded, mice were still protected (155). It was suggested that 

sufficient initial stimulation of immune cells may provide long lasting protection, 

regardless of whether AMP is present (155). Therefore, AMP designs that focuses 

solely on antimicrobial activity may miss their full therapeutic potential and must place a 

greater importance in achieving stability to compensate, while designs that maintain or 

increase immune stimulation may have greater therapeutic potential.  

2.4.5 Limitations of Peptide Modification 

While peptide modification can allow for optimization and customization of 

peptide properties, it may introduce further complications in production as well as 

impact immune regulation. As previously mentioned, up-scaling production of AMPs is a 

major limiting factor in their application towards human and veterinary medicine. While 

some design approaches can lead to easier production, others may further complicate 
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it. For instance, synthesis of novel peptides containing unnatural chemically altered 

amino acids relies on Solid-Phase Peptide Synthesis (SPPS) which can require the use 

of specific building blocks, solid supports, linkers, reagents, and purification all which 

increase the cost of production (156). While production techniques such as solid 

support have been useful in regards to efficient synthesis and screening of many 

peptide variants, it is not yet optimized for large scale production and has it’s own 

limitations in regards to design (157). Furthermore, with SPPS, the cost of production 

tends to increase with the length of the AMP (158). For this reason, most novel AMP 

designs opt for a minimalistic approach (120,159). However, limiting the length of the 

peptide can also limit the number of possible combinations which achieve sufficient 

antimicrobial potency (160). Alternatively, while recombinant production of AMP have 

the potential for providing higher yields of peptide and easier scale up, it is limited to the 

use of vulnerable natural residues and tedious optimization and purification (160–162). 

3 Rationale and Research Objectives 

The present study investigated peptide hybridization as a means of increasing both 

the activity and stability of a natural AMP, Protegrin-1 (PG-1). This strategy was chosen 

over other strategies because it was theorized as being the least likely to interfere with 

PG-1’s immune stimulating action since the original PG-1 sequence would be conserved.  

Hybridization of AMP with a targeting domain is a simple method for improving 

peptide potency, allowing both the targeting domain and antimicrobial domain to work in 

tandem. Considering that PG-1 displays high antimicrobial activity on gram-positive 

bacteria at very low concentrations, only domain specific to gram-negative bacteria 
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targeting were considered. LPS, a major constituent present on the surface of gram-

negative bacteria, was chosen as the target of interest. Thus, PG-1 was hybridized with 

the synthetic LPS-binding domain “Syn”. This domain, was designed by Kim et al by 

comparing various sequences from natural peptides and proteins with known LPS-binding 

properties (132). When combined with the LPS-binding domain, Kim et al’s novel peptide 

had improved antimicrobial activity towards gram-negative bacteria and had higher LPS-

binding ability than other LPS-binding domains. 

Additionally, although PG-1 has been well characterized in its broad antimicrobial 

activity against various pathogens, to date few studies have investigated its anti-biofilm 

activity. As the composition of the EPS of biofilms has similar characteristics to that of 

bacterial membranes, including lipid components and overall negative charge, it is 

possible that the same attributes that increase antimicrobial activity, may also increase 

antibiofilm activity. It is unknown whether increased LPS-binding may assist in disruption 

or inhibition of pathogen biofilms. 

Hybridization has not been well studied as a method for increasing stability in 

antimicrobial peptides. In a preliminary study evaluating the stability of various hybrid 

peptides in serum,  we found that the novel Syn-possessing peptide had the highest 

stability, indicating some potential protective effects through the addition of the Syn 

domain (163, unpublished). We hypothesized that when hybridized to PG-1, the LPS-

targeting activity and stable design of the Syn-domain will improve antimicrobial and 

antibiofilm activity, as well as stability in physiological fluids while maintaining cell 

stimulating activity.   



 

 

31 

 

Therefore, this thesis aims to: 

Objective 1: Compare the antimicrobial and antibiofilm activity of PG-1 and SynPG-1. 

Objective 2: Compare the stability of PG-1 and SynPG-1 by evaluating their activity after 

incubation in biological fluids. 

Objective 3: Compare the effects of PG-1 and SynPG-1 on intestinal epithelial cells in 

vitro. 



 

 

32 

 

 

Figure 2: Mind Map of Thesis Rationale and Objectives 
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4 Materials and Methods 

4.1 Materials  

 

4.1.1 Peptide Synthesis and Preparation 

Standard lyophilized PG-1 and SynPG-1 peptides were synthesized at 

approximately 80% purity (Top-Peptide Co; Shanghai, China) was dissolved in and 

diluted to 20 mg/mL with filter-sterilized acidified water (0.01% acetic acid). Peptide 

standards were stored at -80˚C. 

4.1.2 Bacterial Strains and Culture Preparation  

Clinically isolated strains of multi-resistant Escherichia coli, Salmonella 

typhimurium, methicillin-resistant Staphylococcus aureus and multi-resistant 

Staphylococcus pseudeintermedius and were kindly provided by Dr. H. Cai (Animal 

Health Laboratory, University of Guelph, ON, Canada). All strains were collected in 

2015.  

4.1.3 Collection of Porcine Digestive Fluids 

Porcine digestive fluid was collected as previously described by Wang et al 

(164). Briefly, porcine gastrointestinal tract was obtained from the Meat Science 

Laboratory (University of Guelph, Canada) courtesy of Brian McDougall. The 

gastrointestinal tract was kept at 4°C during dissection of contents from the stomach 

and upper small intestine (duodenum and jejunum) were collected within a 5hrs 

of sacrifice. Contents was centrifuged at 10,000rpm (9,600xg) for 10min at 4°C, and 

supernatant fluid was collected and store at -80°C until use in stability experiment. 



 

 

34 

 

The pH of the collected supernatants was 3.5 and 6.5 for gastric fluid and duodenum 

fluid, respectively.  

4.2 3D Structural Modeling 

Iterative threading ASSEmbly refinement (I-TASSER) was used to validate the 3D 

structure of SynPG-1 (165–167). The NMR structure for Protegrin-1 (PDB ID: 1PG1) 

deduced by Fahrner et al was used to create the 3D model of PG-1 (168). Molecular 

graphics and analyses performed with UCSF ChimeraX, developed by the Resource for 

Biocomputing, Visualization, and Informatics at the University of California, San 

Francisco, with support from National Institutes of Health R01-GM129325 and the Office 

of Cyber Infrastructure and Computational Biology, National Institute of Allergy and 

Infectious Diseases (169). For prediction of the electrostatic surface potential and 

hydrophobicity profile of the proteins surface, UCSF ChimeraX software was used. The 

calculations for electrostatic potential were based according to Coulomb’s Law.  

4.3 Antimicrobial Activity Assay on Planktonic Cell Growth  

The minimum bactericidal concentration (MBC) of SynPG-1 against the tested 

pathogens was identified through a broth macrodilution antimicrobial assay previously 

described, with some modification (170). Briefly, mid-logarithmic phase cells were 

diluted to a concentration of about 1 × 105 CFU/mL and 20μL of diluted cell suspension 

was added to a 20mM sodium phosphate buffer (pH 7.0). Concentrations of SynPG-1 

and PG-1 ranging from 0.1 μg/mL to 8 μg/mL, were added for a total volume of 0.5mL. 

PG-1 at known MBC was considered the positive control, while suspension containing 

http://www.rcsb.org/structure/1PG1
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no peptide was considered the negative control. Experimental and control tubes were 

incubated for 2 hr at 37 °C without shaking to allow for bactericidal action to occur. After 

incubation, reaction tubes were serially diluted to 1:100 in appropriate growth media and 

spread on appropriate Nutrient Agar plate using 4-6 sterile glass beads per plate. Plates 

were left at 37 °C for 18 hr to allow colonies sufficient time to reach an easily observable 

size. All concentrations of peptide were tested in three independent experiments. 

Colony numbers from each plate were recorded. The MBC was defined as the 

concentration that killed 99.9% of all colonies, as compared to the negative control.  

4.4 Functional Antimicrobial Peptide Stability 

4.4.1 Activity After Incubation in Serum  

To compare serum stability, similar procedure and serum concentration was utilized 

as described in Dong et al (147), with some modification. Briefly, a solution of 25% pig 

serum was made by diluting fresh pig serum with 1x phosphate buffered saline at pH 

7.4 (PBS) as based on (147). SynPG-1 and PG-1 were added for a final concentration 

of 40 μg/mL of peptide in the 25% pig serum solution. The concentration of incubating 

solution and peptide were chosen based on troubleshooting to allow for measurable 

comparison between the two peptides. Using lower peptide concentrations or higher 

serum concentration resulted in complete peptide degradation and lack of meaningful 

comparison. Suspension containing no peptide was considered the negative control. 

Experimental and control tubes were incubated for up to 7 or 24 hrs in 37 °C without 

shaking to allow for serum constituent interaction with peptide. At designated time 

points, 100μL of peptide and serum suspension was removed and heat inactivated for 
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35min at 56°C (BioRad Thermocycler). After heat inactivation, and 5 min cooling period, 

the antimicrobial peptide suspension was added to 100μL solution containing 8μL of 

mid-logarithmic phase E. coli cells diluted to a concentration of about 1×105 CFU/mL 

and 100μL of 20mM sodium phosphate buffer (pH 7). Experimental and control tubes 

were incubated for 2 hr at 37 °C without shaking to allow for bactericidal action to 

occur. Peptides were tested at a concentration 10 times their MBC to ensure observed 

differences in antimicrobial activity were due to the impact of serum and not variation in 

peptide activity. The remaining procedures conducted were as per the antimicrobial 

assay described earlier (Section 4.3). This experiment was carried out three 

independent times. For each time point, stability of the peptides was evaluated by 

comparing the colony growth on plates treated with serum and peptide, in comparison 

to growth on plates treated with serum only. 

4.4.2 Activity After Incubation with Trypsin Enzyme   

SynPG-1 and PG-1 were tested at ratios of 100:1 and 20:1 (0.5g porcine Trypsin-

EDTA Solution, Sigma-Aldrich, Canada) in digestion buffer (50mM tris-HCl buffer pH 

7.5) at a final solution volume of 500μL. Suspension containing no peptide was 

considered the negative control. Experimental and control tubes were incubated for up 

to 4hrs at 37 °C without shaking to allow for enzyme digestion with peptide. At 

designated time points, 100μL of peptide and trypsin suspension was removed and heat 

inactivated for 5min at 70°C (BioRad Thermocycler). After heat inactivation, and 5 min 

cooling period, the antimicrobial peptide suspension was added to 100μL solution 

containing 8μL of mid-logarithmic phase E. coli cells diluted to a concentration of 
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about 1×105 CFU/mL and 100μL of 20mM sodium phosphate buffer (pH 7). Peptides 

were tested at a concentration 10 times their MBC to ensure observed differences in 

antimicrobial activity were due to the impact of trypsin enzyme and not variation in 

peptide activity. The remaining procedures conducted were as per the antimicrobial 

assay described earlier (Section 4.3). This experiment was carried out three 

independent times. For each time point, stability of the peptides was evaluated by 

comparing the colony growth on plates treated with trypsin and peptide, in comparison 

to growth on plates treated with trypsin only. Diluted trypsin did not appear to impact 

bacterial growth.  

4.4.3 In Silico Enzymatic Cleavage  

In the interest of comparing the possible trypsin cleavage sites between SynPG-1 

and PG-1, an in silico analysis was carried out using the PeptideCutter peptide 

characterization software from ExPAsy Bioinformatics Resource Portal (171). 

4.4.4 Activity After Incubation in Porcine Digestive Fluid 

SynPG-1 and PG-1 were incubated at 37°C with shaking, in a PBS solution 

consisting of 25% or 50% digestive fluid for 1hr at a final concentration of 1 

mg/mL. Suspension containing no peptide was considered the negative control. After 

incubation, the incubated solutions were added for a total volume of 0.5mL consisting of 

mid-logarithmic phase E. coli cells diluted to a concentration of 

about 1×105 CFU/mL in 20mM sodium phosphate buffer (pH 7.0). Peptides were tested 

at a concentration 10 times their MBC to ensure observed differences in antimicrobial 

activity were due to the impact of digestive fluid and not variation in peptide activity. The 



 

 

38 

 

remaining procedures conducted were as per the antimicrobial assay described earlier 

(Section 4.3). This experiment was carried out three independent times. For each time 

point, stability of the peptides was evaluated by comparing the colony growth on plates 

treated with digestive fluid and peptide, in comparison to growth on plates treated with 

digestive fluid only. Diluted digestive fluids was shown to marginally impact bacterial 

growth when compared to bacteria grown without. 

4.4.5 Activity After Incubation in Simulated Intestinal Fluid 

Porcine simulated intestinal fluid (SIF) was prepared using similar methods 

as Wang et al. (164). SynPG-1 and PG-1 were incubated at 37°C with shaking, in a 1x 

PBS (pH 7.4) solution consisting of 25% or 50% SIF 

(34mM NaCl; 131mM NaHCO3; 0.005% porcine trypsin from Sigma-Aldrich, 

Canada; 0.9% Bile Salts from Sigma-Aldrich, Canada) for 30 min and 1hr at a final 

concentration of 1 mg/mL. The concentration of incubating solution and peptide were 

chosen based on troubleshooting to allow for measurable comparison between the two 

peptides. Using lower peptide concentrations or higher fluid concentrations resulted in 

complete peptide degradation and lack of meaningful comparison. Suspension 

containing no peptide was considered the negative control. After incubation, the 

incubated solutions were added for a total volume of 0.5mL consisting of mid-

logarithmic phase E. coli cells diluted to a concentration of 

about 1×105 CFU/mL in 20mM sodium phosphate buffer (pH 7.0). Peptides were tested 

at a concentration 10 times their MBC to ensure observed differences in antimicrobial 

activity were due to the impact of SIF and not variation in peptide activity. The remaining 
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procedures conducted were as per the antimicrobial assay described earlier (Section 

4.3). This experiment was carried out three independent times. For each time point, 

stability of the peptides was evaluated by comparing the colony growth on plates treated 

with SIF and peptide, in comparison to growth on plates treated with SIF only. Diluted 

SIF did not appear to impact bacterial growth. 

4.5 Assessment of Biofilm Inhibition and Destruction  

4.5.1 Biofilm Inhibition Assay 

To test the inhibition of biofilm formation, in a 96-well plate, 15μL of overnight 

culture of either E. coli, S. typhimurium or MRSA were added to 150μL of minimal salt 

medium (40mM NaOH∙7H2O; 22mM KH2PO4; 18.68M NH4Cl; 740mM NaCl; 2mM 

MgSO4; 0.1mM CaCl2; 22mM supplemented with D-Glucose), treated with PG-

1 or SynPG-1. Similarly to Wu et al (172) and Xu et al (173), tested 

concentrations ranged from ½ x MBC to 32x MBC for each strain, with 6 replicates for 

each concentration. Plates were placed in a static incubator at 37°C for 48hrs; the time 

required for untreated wells to form biofilm, as reported previously and confirmed 

through troubleshooting(174–176). After incubation, treated media was removed and 

wells were rinsed with 155μL of PBS to remove planktonic cells. After sufficient air 

drying of wells, 150μL of 0.1% Crystal Violet (CV) dye was added to each well and 

incubated at room temperature for 30min. CV dye binds to the negative charge of 

bacteria and EPS, allowing for quantification of total biomass (177). After incubation, CV 

dye was removed and wells were rinsed again with155μL of PBS. After sufficient drying 

of wells, 150μL of 70% ethanol solution was added to each well and incubated at room 
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temperature for 30min. After 30min, 100μL of each well was added to a new 96-well 

plate and the absorbance at a wavelength of 595nm was measured using a Microplate 

Reader (Cytation 5 Cell Imaging Multi-mode Reader, BioTek Instruments). Replicates 

with reading higher than 3 standard deviations away from the mean of the negative 

control were excluded from the statistical analysis.  

4.5.2 Pre-Formed Biofilm Destruction Assay 

To test the destruction of preformed biofilms, in a 96-well plate, 15μL of overnight 

culture of either E. coli, S. typhimurium or MRSA were added to 150μL of minimal salt 

media (40mM NaOH∙7H2O; 22mM KH2PO4; 18.68M NH4Cl; 740mM NaCl; 2mM 

MgSO4; 0.1mM CaCl2; 22mM supplemented with D-Glucose) were added to each 

well. Plates were placed in a static incubator at 37°C for 48hrs; the time required for 

untreated wells to form biofilm, as reported previously and confirmed through 

troubleshooting(174–176). After formation, minimal salt medium was removed, and 

wells were treated with 155μL of minimal salt medium containing PG-1 or SynPG-

1. Similarly to Wu et al (172) and Xu et al (173), tested 

concentrations ranged from 1x MBC to 32x MBC for each tested bacteria, with 6  for 

each concentration. Plates were placed in a static incubator at 

37°C for 3hrs. After 3hrs, treated media was removed and wells were rinsed with 155μL 

of PBS to remove planktonic cells. Remaining steps were conducted same as above 

(Section 4.5.1). Replicates with reading higher than 3 standard deviations away from 

the mean of the negative control were excluded from the statistical analysis. 
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4.5.3 Enumeration of Viable Cells after Biofilm Inhibition  

To investigate whether prevention or degradation of biofilm by peptide treatment 

impacted bacterial cell growth within the biofilm, enumeration assay was carried 

out.  The following protocol was developed using methods described in Wilson et al 

(178). Briefly, in separate 15mL culture tubes, 20μL of overnight culture of either E. 

coli, S. typhimurium or MRSA were added to 1mL of minimal salt medium (40mM 

NaOH-7H2O; 22mM KH2PO4; 18.68M NH4CL; 740mM NaCl; 2mM MgSO4; 0.1mM 

CaCl2; 22mM supplemented with D-Glucose) treated with PG-1 or SynPG-1. Due to the 

laborious procedure, the study was limited to measuring cell viability for only two 

concentrations, basing the choice on the significant reduction of biomass from crystal 

violet staining. Tubes were placed in a static incubator at 37°C for 48hrs; the time 

required for untreated wells to form biofilm. After 48hrs, treated media was removed and 

wells were rinsed with 1mL of PBS to remove planktonic cells. Following washing, 1mL 

of nutrient rich medium (appropriate to each of the tested strains) was added to 

each tube. For each tube, a sterile cell scraper (Nunc Cell Scrapers, Thermo Scientific, 

Canada) was used to carefully remove any adherent biofilm for 1 minute, followed 

by vortexing the tube for an additional minute in order to help homogenize the 

solution. The resulting cell suspension was serially diluted, and viable colonies 

were enumerated by spreading on nutrient agar plate using 4-6 sterile glass beads per 

plate. Plates were left at 37 °C for 18 hr to allow colonies sufficient time to reach an 

easily observable size. Duplicate dilutions and plates were made for each tube. CFU 

were recorded. and spread on appropriate nutrient agar plate using 4-6 sterile glass 
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beads per plate. The experiment was carried out three independent times for each 

strain.  

4.5.4 Enumeration of Viable Cells after Pre-Formed Biofilm Destruction Assay 

In order to investigate whether prevention or degradation of biofilm by peptide 

treatment impacted bacterial cell growth within the biofilm, enumeration assay was 

carried out.  The following protocol was developed using methods described in Wilson 

et al (178). Briefly, in separate 15mL culture tubes, 20μL of overnight culture of either E. 

coli, S. typhimurium or MRSA were added to 1mL of minimal salt medium (40mM 

NaOH-7H2O; 22mM KH2PO4; 18.68M NH4CL; 740mM NaCl; 2mM MgSO4; 0.1mM 

CaCl2; 22mM supplemented with D-Glucose). Tubes were placed in a static incubator 

at 37°C for 48hrs; the time required for untreated wells to form biofilm. After formation, 

minimal salt medium was removed, and tubes were treated with 1mL of minimal salt 

medium containing PG-1 or SynPG-1. Due to the laborious procedure, the study was 

limited to measuring cell viability for only two concentrations, basing the choice on the 

significant reduction of biomass from crystal violet staining. Tubes were placed in a 

static incubator at 37°C for 3hrs. After 3hrs, treated media was removed and wells were 

rinsed with 1mL of PBS to remove planktonic cells. Remaining procedures were 

conducted same as above (Section 4 5.3). 

4.6 LPS-Binding Assay 

The ability of each peptide to bind LPS was assessed by using a Quantitative 

Chromogenic Limulus Amebocyte Lysate (LAL) assay (Pierce LAL Chromogenic LAL 

Endotoxin Quantitation Kit). Stocks of the peptide were prepared in endotoxin-free water 
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provided by the kit. Peptides were incubated with LPS from E.coli 

O111:B4 (1EU/mL) at concentrations of 10 μg/mL, 40 μg/mL and 

80 μg/mL in 0.6mL sterile tubes on a heating block at 37 °C for 30 min to allow 

peptide binding to LPS. In a flat bottom, non-pyrogenic 96-well plate (Costar Cell 

Culture Plates, Thermo Fisher Scientific, Canada) maintained at 37 °C on a heating 

block, 50μL of LPS-peptide solution was dispensed into 2 replicate wells, followed 

by 50μL of LAL reagent to each well. After 10 minutes of incubation, 100μL of pre-

warmed LAL Chromogenic Substrate (acetyl-Ile-Glu-Ala-Arg-p-nitroanilide) solution was 

added to each well and incubated on the heating block for an additional 6 

minutes. After incubation, 100μL of Stop Reagent (25% acetic acid) was added to each 

well. The release of p-nitroanilide was detected through reading the absorbance at a 

wavelength of 410nm using a Microplate Reader (Cytation 5 Cell Imaging Multi-mode 

Reader, BioTek Instruments). Absorbance readings from the negative control (LPS, 

without peptide) was compared with the absorbance reading of wells 

containing both LPS and peptide to calculate Relative %LPS Binding. 

4.7  In Vitro Cell Culture Assays 

4.7.1 Cell Culture Preparation  

A cell line established from intestinal porcine enterocytes isolated from the jejunum 

of a neonatal unsuckled piglet (IPEC-J2 cells, DSMZ) were grown in monolayer culture 

in Dulbecco’s modified Eagle’s medium (high glucose) supplemented with 10% fetal 

bovine serum (FBS) from Invitrogen, 100 IU/ml penicillin, and 100 μg/ml streptomycin. 
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Cultures were maintained in a 5% CO2 humidified atmosphere at 37◦C and passaged 

every 2 to 3 days, detachment via Trypsin-EDTA Solution (Sigma). 

4.7.2 Cell Viability in the Presence of Antimicrobial Peptide  

Cell viability was measured using the AlamarBlue cell Viability reagent 

(ThermoFisher) and the instructions given in the protocol were followed. Briefly, IPEC-

J2 cells were plated in a 96 well plate at a density of approximately 5,000 cells/well. 

After 24 hrs serum was removed and the cells were treated for 2 hrs with SynPG-1 or 

PG-1 at concentrations ranging from 10 μg/mL to 100 μg/mL. After 2 hrs, alamar blue 

reagent was added to each well and incubated for another 1 hr before fluorescence 

was measured at an OD of 570nm. This assay was performed in the presence of 2% 

serum. This was conducted for three independent experiments, with 4 replicates per 

treatment.   

4.7.3 Cell Proliferation in the Presence of Antimicrobial Peptide  

IPEC-J2 cells were grown in 12-well plates (Corning, NY, USA) until 50% confluent 

in medium consisting of DMEM F-12 containing 5% FBS at 37˚C in 5% CO2 and were 

serum starved for 24hrs. The cells were then incubated with serum-free DMEM-F12 in 

the presence or absence of either 1 μg/mL, 10 μg/mL or 20 μg/mL of peptide, with two 

wells per treatment. The treatments were incubated with the cells for 24hrs. Cells were 

then trypsinzed and enumerated using a Trypan Blue and hemocytometer method 

(BioRad TC20 Automatic Cell Counter). 



 

 

45 

 

4.7.4  Effect of Antimicrobial Peptide on In Vitro Cell Migration  

To evaluate migration of IPEC-J2 cells, 8-micron pore sized cell culture transwell 

inserts were used (Millipore Inc, Temecula, CA). A total of 1 × 10^5 cells were plated in 

the upper inserts of the transwell, and placed within 24-well plates containing serum-

free DMEM F-12 in the absence and presence of SynPG-1 or PG-1 at concentrations 

ranging from 5 μg/mL to 20 μg/mL, with two wells per treatment. After incubation for 16 

h, the cells were fixed with 4% (w/v) paraformaldehyde. Cells that did not migrate into 

the membrane were gently scraped off the upper surface of the transwell with a cotton 

swab. Migration was quantified by cell enumeration through Hoechst 33342 staining of 

cell nuclei (Life Technologies). 

4.8 Statistical Analysis 

All assays were independently repeated, and results are shown with standard error. 

Statistical analysis was done using a one-way or two-way ANOVA with either post-hoc 

Tukey or Dunnett’s test. 

5 Results 

5.1.1 Design of Novel Peptide SynPG-1 

 Under the hypothesis that addition of the LPS-binding domain, Syn, could 

improve the functional stability of the natural PG-1 peptide, hybrid peptide SynPG-1 was 

designed. The Syn-domain sequence, shown in lowercase letters in Table 1, was joined 

at its C-terminal end to the N-terminal end of PG-1 (shown in capital letters) via a triple-

glycine linker region (underlined). The amino acid sequence and chemical properties of 
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both peptides are presented in Table 1. The net charge difference between the parent 

and hybrid peptides was +7. The 3D model of SynPG-1 was predicted through I-

TASSER and visualized using ChimeraX. The comparison of the 3D structure of PG-

1(PDB ID: 1PG1) and the hybrid peptide can be seen in Figures 3 and 4. SynPG-1 

appears to adopt a mixed secondary structure, possessing both alpha-helic and beta-

sheet confirmation, as seen in Figure 3 (b) and (d). The Syn-domain, located at the N-

terminal end, appears to take on a partial-helix with an extended coil structure which 

connects to the linker region (shown in green), while the PG-1 domain maintains most 

of its beta sheet conformation.  

 

 

Table 1: The amino acid sequence of the studied peptides and their predicted properties. 

Peptide Amino Acid Sequence1 
Amino Acid  Net 

Charge 

% Hydrophobic 

Content 

Molecular 

Weight 

Protegrin-1  

(PG-1) 
RGGRLCYCRRRFCVCVGR 

 

18 

 

+6 

 

22.22% 

 

 

2160.63 

Syn-

Protegrin-1 

(SynPG-1) 

glrrllrkirgrwkGGGRGGRLCYCRRRFCVCVGR 

 

35 

 

+13 

 

25.71% 

 

4122.02 

1Boldface residues represent basic amino acids, and italic residues represent hydrophobic amino acids. 
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Figure 3: Predicted 3D Structure of the PG-1 and SynPG-1 generated using ChimeraX.(a) The front and 
back view of PG-1 and (b) SynPg-1 where blue regions indicate cationic residues, red regions indicate 
hydrophobic residues, yellow regions indicate Cystine residues, white regions indicate neutral residues, 
and green regions indicate the triglycine linker connecting the Syn and PG-1 domains. (c) The front and 
back view of the transparent surface structure of PG-1 and (d) SynPG-1 coloured according to the 
description in Figure 2 (a) and (b).The 3D structure of PG-1 was obtained from the Protein Data Bank 
(PDB ID: 1PG1). SynPG-1 was predicted using I-TASSER.  

 

http://www.rcsb.org/structure/1PG1
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Figure 4: Predicted 3D Surface Structure of the PG-1 and SynPG-1 generated using ChimeraX. The 
prediction of the hydrophobic profile of the surface structure of (a) PG-1 and (b) SynPG-1 where light blue 
indicates hydrophilic areas, yellow indicates hydrophobic areas, and white indicates residues which are 
neither strongly hydrophobic nor hydrophilic. The prediction of the electrostatic profile of the surface 
structure of (c) PG-1 and (d) SynPG-1 where blue colour indicates high cationic potential, red indicates 
high anionic potential, and white indicates neutral residues. The 3D structure of PG-1 was obtained from 
the Protein Data Bank (PDB ID: 1PG1). SynPG-1 was predicted using I-TASSER.  
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5.2 Comparison of PG-1 and SynPG-1 Antimicrobial Activity 

To test whether the addition of the LPS-binding domain, Syn, would enhance the 

peptide’s antimicrobial activity, a macrodilution antimicrobial assay was performed. The 

minimal bactericidal concentration (MBC) of PG-1 and SynPG-1 against planktonic cell 

growth of four MDR bacteria is displayed in Table 2. Raw colony count data can be 

found in Table A 1 of the Appendix. MBC was defined as the concentration which 

eliminated 99.9% of all colonies found on the negative control. SynPG-1 demonstrated 

greater antimicrobial activity against all tested species, MBC ranging from 0.09 μM to 

0.69 μM, corresponding to a 2-fold increase in activity when compared to PG-1. Both 

peptides showed greater activity towards gram-positive species, than to gram-negative 

species. These results served as the bases for comparing the effect of physiological 

fluid on antimicrobial activity.  

Table 2:The minimal bactericidal concentration (MBC) of peptides against planktonic bacterial cells. 

Bacteria 
MBC μg/mL (μM) 

PG-1 SynPG-1 

Escherichia coli 2 (0.67) 2 (0.35) 

Salmonella typhimurium 4 (1.34) 4 (0.69) 

MRSA1 0.5 (0.18) 0.5 (0.09) 

MRSP2 0.5 (0.18) 0.5 (0.09) 
1 Methicillin-resistant staphylococcus aureus. 2 Methicillin-resistant Staphylococcus pseudeintermedius 

 

 

 

 

 



 

 

50 

 

5.3 Comparison of PG-1 and SynPG-1 Stability in Serum 

The degradation of peptide within the systemic circulation is associated with the 

high salt concentration and a multitude of serum proteases and inhibitory binding 

proteins (106).  To evaluate the impact of serum on the stability of PG-1 and the hybrid 

antimicrobial peptide SynPG-1, the antimicrobial activity against E. coli of both peptides 

was compared after a pre-incubation in 25% porcine serum for up to 7 hrs. Raw colony 

count data can be found in Table A 2 of the Appendix. As shown in Figure 5 (a), 

although PG-1 was able to maintain some antimicrobial activity after 1 hr and 2 hrs of 

pre-incubation in serum, its bactericidal activity was incomplete despite that the tested 

concentration was 10 times higher than the MBC for the tested pathogen. With higher 

incubation periods of 4 hrs and 7 hrs, PG-1’s antimicrobial activity was significantly 

impacted resulting in about a 50% increase in colony growth as compared to the 

positive control (0hrs of serum incubation). On the other hand, SynPG-1 maintained 

strong antimicrobial activity throughout the entire 7 hrs of incubation. When the 

incubation time was extended further to 14 and 24 hrs, displayed in Figure 5 (b), PG-1’s 

activity was further impacted, with colony growth equivalent to the negative control. 

However, SynPG-1 maintained 100% activity even after 24hrs of incubation in serum 

indicating substantial increase in stability in comparison to PG-1. Diluted serum did not 

appear to impact bacterial growth. 
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Figure 5: Serum Stability of PG-1 and SynPG-1, represented by the mean % growth of control when tested 
against E. coli (a) after peptides were incubated for up to 7 hours in 25% serum; (b) after peptides were 
incubated up to 24 hours in 25% serum. All experiments were conducted three independent times. Peptides 
were both tested at a concentration 10 times their MBC (20 μg/mL) to ensure observed differences in 
antimicrobial activity were not due to concentration. Stability was evaluated by comparing the mean growth 
of colonies on plates treated with peptides incubated in serum, to colonies grown when treated without 
peptide. Data represent the mean ± SEM of three experiments. Asterisk represents p<0.05, when compared 
to SynPG-1 by two-way ANOVA with post hoc Tukey’s test. 
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5.4 Comparison of PG-1 and SynPG-1 Stability with Trypsin Enzyme 

One of the major challenges to oral administration of antimicrobial peptide is the 

presence of major digestive enzymes such as trypsin (113). To compare the impact of 

trypsin enzyme on peptide stability, an antimicrobial assay against E.coli was conducted 

after peptide was incubated in trypsin solutions at molar ratios of either 100:1 (Figure 6 

a) or 20:1 (Figure 6 b). Raw colony count data can be found in Table A 3 of the 

Appendix. At a higher peptide to trypsin ratio of 100:1 (Figure 6 a), peptides were able 

to maintain complete antimicrobial activity after incubation for up to 2 hours. After 4 hrs 

of incubation at this ratio, SynPg-1 showed a slight increase in mean colony growth but 

still had significant activity. When the ratio of peptide to trypsin was reduced to 20:1 

(Figure 6 b), SynPG-1 began to show greater susceptibility to trypsin cleavage evident 

by the increase in mean colony growth after 0.5 and 2 hrs of incubation. PG-1 also 

demonstrated a slight drop in activity when tested in 20:1 ratio. However, these 

differences were not significant for either peptide at the 0.5 and 2 hrs time points. After 

4 hrs of incubation at this ratio, both peptides had a significant increase colony growth, 

indicating a substantial reduction in antimicrobial activity.  

To understand the susceptibility of each peptide towards trypsin enzyme, in silico 

analysis was conducted using the PeptideCutter peptide characterization software from 

ExPAsy Bioinformatics Resource Portal (171). Analysis revealed that SynPG-1 had high 

potential for cleavage at 12 different sites, in comparison to PG-1 which contained 4. 

The associated cleavage probability for all potential cleavage sites ranged from 100% to 

30.6% for both peptides. The Syn domain within SynPG-1 seemed to be particularly 
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vulnerable with 7 cleavage sites in total, all with an associated cleavage probability of 

100%. 
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Figure 6: Stability of PG-1 and SynPG-1 against trypsin enzyme, represented by the mean % bacterial 
growth of control tested against E. coli (a) after peptides were incubated at a ratio of 100:1 (peptide to 
trypsin); (b) after peptides were incubated at a ratio of 20:1 (peptide to trypsin). Peptides were both tested 
at a concentration 10 times their MBC (20 μg/mL) to ensure observed differences in antimicrobial activity 
were not due to concentration. Stability was evaluated by comparing the mean growth of colonies on plates 
treated with peptides incubated in trypsin, to colonies grown when treated without peptide. Data represent 
the mean ± SEM of three experiments. Asterisks and hashtags represent p<0.05 variation from the negative 
control in both SynPG-1 and PG-1 respectively, when compared to control by two-way ANOVA with post 
hoc Tukey’s test. 
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5.5 Comparison of PG-1 and SynPG-1 Stability in Digestive Fluids  

Along with digestive enzymes, peptide stability within the gastrointestinal tract is 

challenged by the fluctuating acidic environment of the lumen, going from a pH of 1.5 -

3.5 in the stomach to a pH of 6 to 6.6 within the duodenum, and residual digested 

materials (115,116). To compare how these conditions impact the stability and therefore 

the activity of PG-1 and SynPG-1, antimicrobial activity against E. coli was tested after 

peptides were pre-incubated in diluted solutions of either gastric fluid or intestinal fluid 

for 1 hour. Raw colony count data can be found in Table A 4 of the Appendix. As shown 

in Figure 7 (a) and (b), both peptides maintained significant antimicrobial activity after 

incubation in solutions of 25% and 50% porcine gastric fluid. However, when the same 

experiment was conducted with 25% porcine intestinal fluid, SynPG-1 demonstrated 

lower stability evident by the increase in mean colony growth. When the concentration 

of porcine intestinal fluid was increased to 50%, both peptides lost significant activity 

after 1 hour of incubation. To confirm these results, the assay was repeated with a pre-

incubation of 25% or 50% Simulated Intestinal Fluid (SIF) for up to 1hr. As seen in 

Figure 7 (e), incubation in 25% SIF resulted in approximately a 50% increase in mean 

colony growth for SynPG-1. Following a 0.5 hr incubation in 50% SIF, SynPG-1 had a 

significant increase in mean colony growth but was still comparable to PG-1. However, 

after an additional half-hour of incubation (1hr), both peptides lost significant activity, the 

same as when incubated in fresh intestinal fluid.  
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Figure 7: Stability of PG-1 and SynPG-1 in Porcine Digestive Fluid, represented by the mean % bacterial 
growth of control when tested against E. coli after peptides were incubated in (a) 25% or (b) 50% gastric 
fluid for 1 hr; after peptides were incubated in (c) 25% or (d) 50% intestinal fluid for 1 hr; after peptides 
were incubated for (e) 25% SIF or (f) 50% SIF for up to 1hr. Peptides were both tested at a concentration 
10 times their MBC (20 μg/mL) to ensure observed differences in antimicrobial activity were not due to 
concentration. Stability was evaluated by comparing the mean growth of colonies on plates treated with 
peptides incubated in digestive fluids, to colonies grown when treated without peptide. Data represent the 
mean ± SEM of three experiments. Asterisks represent significant differences at p<0.05, when comparing 
peptide to the control by one-way ANOVA with post hoc Tukey’s test for (a) to (d). Asterisks and hashtags 
represent significant differences in SynPG-1 and PG-1 respectively, at p<0.05 when comparing to the 
negative control by two-way ANOVA with post hoc Tukey’s test for (e) to (f). 
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5.6 Comparison of Biofilm Formation Inhibition and Viable Cell 
Enumeration After Peptide Treatment 

To understand the potential inhibitory effects of PG-1 and SynPG-1 on biofilm 

formation, bacteria in biofilm forming conditions were treated with peptide at various 

concentrations and stained with crystal violet to evaluate biomass. Prior troubleshooting 

revealed that all tested species formed biofilms after a period of 48 hrs or 72 hrs, and 

48hrs was chosen for the incubation time for all subsequent biofilm experiments. 

Surprisingly, neither peptide was able to prevent biofilm formation of E. coli, instead 

showing significant promotion at certain concentrations (Figure 8 a). This trend was 

consistent within the data of the repeated experiments (Figure A 1, Appendix). Against 

S. typhimurium, significant inhibition was seen at 1 μg/mL for SynPG-1, and at 2 μg/mL 

for PG-1, shown in Figure 8 (b). However, reduction in biofilm for this strain did not 

appear to act in a concentration-dependent manner, since significant inhibition was 

achieved for SynPG-1 at 2 μg/mL and but not at 1 μg/mL. Additionally, results between 

independent repeated experiments held no consistent trend  (Figure A 2, Appendix). 

Against MRSA biofilms shown in Figure 8 (c), inhibition was seen at 2 μg/mL for 

SynPG-1 and 8 μg/mL for PG-1. In this instance, biofilm reduction appeared to be 

concentration dependent. SynPG-1 began to demonstrate significant reduction in biofilm 

formation at a lower concentration than PG-1, which instead showed significant 

promotion of biofilm formation at the same concentration. This trend was consistent 

within the data of the repeated experiments (Figure A 3, Appendix). 

To investigate whether the reduction in biofilm was related to antimicrobial action or 

rather to some other antibiofilm mechanism, viable colonies remaining after incubation 
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of peptide with bacteria in biofilm forming conditions were enumerated. Concentration of 

peptide treatment was based on the effective concentrations in the crystal violet 

staining. Figure 8 (d), (e) and (f) show the mean % growth of bacterial cells within the 

biofilm when compared to the negative control. Both peptides substantially reduced the 

number of colonies growing within the biofilms of all three bacterial species. SynPG-1 

had significantly lower reduction of S. typhimurium bacterial growth than PG-1 at 4 

μg/mL.   
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Figure 8: Effect of PG-1 and SynPG-1 on inhibition of biofilm formation of (a) E. coli, (b) S. typhimurium 
and (c) MRSA, represented as the Mean ±SEM of % biofilm of control of three independent experiments 
where n=6. Single asterisks represent significant differences at p<0.05, and double asterisk represent 
significant difference at p<0.01, when compared to the control by two-way ANOVA with post hoc Tukey’s 
test. The effect of PG-1 and SynPG-1 on the viability of (d) E. coli, (e) S. typhimurium and (f) MRSA 
colonies, represented as the Mean ±SEM of the relative bacterial growth compared to the negative control 
of three independent experiments performed in duplicate. Asterisks represent significant differences at 
p<0.05, when compared through one-way ANOVA with post hoc Tukey’s test. 
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5.7 Comparing Destruction of Pre-formed Biofilms and Viable Cell 
Enumeration After Peptide Treatment 

To evaluate the potential antibiofilm activity of PG-1 and SynPG-1 on pre-formed 

biofilms, crystal violet staining was used to evaluate remaining biomass after pre-formed 

biofilms were treated with peptide. Similar to their effect on the inhibition of biofilm 

production, again peptides did not consistently demonstrate a concentration-dependent 

response. Against pre-formed E. coli biofilms, both peptides demonstrated significant 

disruption at 8 μg/mL and 64 μg/mL, but not at 16 μg/mL, seen in Figure 9 (a). At 32 

μg/mL, only SynPG-1 had significant reduction. Although, results between independent 

repeated experiments had high variability and lacked a consistent trend (Figure A 4, 

Appendix). Against pre-formed S. typhimurium, SynPG-1 began to show significant 

disruption at 8 μg/mL, and both peptides at 16 μg/mL, seen in Figure 9 (c). At 64 μg/mL 

however, PG-1 did not demonstrate significant reduction. However, results between 

independent experiments showed high variability (Figure A 5, Appendix). Neither peptide 

was able to show any significant disruption of MRSA biofilms (Figure 9 e & Figure A 6, 

Appendix). 

To investigate whether the disruption of biofilm was a related to antimicrobial action 

or rather to some other antibiofilm mechanism, viable colonies remaining after incubation 

of peptide with pre-formed E. coli and S. typhimurium biofilm were enumerated. 

Concentration of peptide treatment was based on the lowest effective concentrations in 

the crystal violet staining. Figure 9 (b) and (d) show the mean % growth of bacterial cells 

within the biofilm when compared to the negative control. Both peptides had substantially 

reduced the number of colonies growing within the biofilms of both bacterial species.  
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Figure 9: Effect of 3 hour treatment with PG-1 and SynPG-1 on the destruction of pre-formed biofilm of (a) 
E. coli and (c) S. typhimurium, and MRSA (e), represented as the Mean ±SEM of % biofilm of control of 
three independent experiments where n=6. Asterisks represent significant differences at p<0.05, when 
compared to the control by two-way ANOVA with post hoc Tukey’s test. The effect of PG-1 and SynPG-1 
on the viability of (b) E. coli and (d) S. typhimurium colonies, represented as the Mean ±SEM of the relative 
Mean %Growth of Control of three independent experiments performed in duplicate. Asterisks represent 
significant differences at p<0.05, when compared through one-way ANOVA with post hoc Tukey’s test. 
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5.8 Comparing SynPG-1 and PG-1 LPS-Binding Ability 

Since a major aim for designing the novel hybrid peptide was to increase the 

LPS-binding activity of the designed peptide, the LPS-binding activity was 

measured by comparing the inhibition of the LPS-induced activation of LAL enzyme 

in the presence or absence of peptide. These results are presented in Figure 10 as 

the % of LPS bound to the peptide. Both peptides appeared to have potent LPS-

binding activity that operated in a dose dependent manner. Surprisingly, no 

significant difference between the two peptides was seen at any of the tested 

concentrations. For each peptide treatment, there was a lack of significant 

difference between 40 μg/mL and 80 μg/mL. 
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Figure 10: LPS Binding ability of PG-1 and SynPG-1. Binding percent was determined by measuring the 
ability to prevent LPS-induced activation of LAL enzyme. Data represents the mean ±SEM of 3 
independent experiments performed in duplicate. Blue Asterisks represent a significant difference from 
PG-1 at 10 μg/mL at p<0.05, as compared by two-way ANOVA with post hoc Tukey’s test. 
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5.9 In Vitro Cell Viability, Proliferation & Migration After Peptide 
Treatment 

Antimicrobial peptides may be toxic to certain cell types and strategies which 

improve peptide antimicrobial activity, have been shown to also increase mammalian 

cell cytotoxicity (119). To evaluate the impact of PG-1 hybridization with the Sy-

domain, IPEC-J2 cell viability was measured after treatment with peptide. As shown 

in Figure 11, neither peptide demonstrated significant reduction in cell viability until 

reaching 100 μg/mL. Comparison between peptides showed no difference in the 

impact on cell viability between PG-1 and SynPG-1.  

Antimicrobial peptides have been shown to stimulate the proliferation of 

epithelial cells to enhance wound healing (179). To study the potential mitogenic 

role of PG-1 and SynPG-1, proliferation was investigated by comparing the number 

of cells between cells treated with and without peptide. As shown in Figure 12 (a), 

none of the tested concentrations were able to stimulate proliferation within this cell 

line. No difference was seen between either of the antimicrobial peptide groups 

when compared to that of control. 

PG-1 has been shown to influence IPEC-J2 cell migration in vitro that may be 

an important mechanisms in contributing to it’s therapeutic potential in vivo (104). 

To investigate whether modification of the original PG-1 sequence via the addition 

of the Syn-domain had any influence on cell migration, cell migration of IPEC-J2 

cells in a transwell assay was conducted.  As shown in Figure 12 (b), starting at 20 

μg/ml, PG-1 increased cell migration significantly. Although all tested concentrations 
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of peptide appeared to influence cell migration, significant migration for SynPG-1 

was only observed at 5 μg/ml. Migratory stimulation by PG-1 was witnessed at 20 

μg/mL. Unlike PG-1, migratory stimulating ability of SynPG-1 did was not retained 

for higher concentrations of the peptide. Cell count data of the independent 

repeated experiments showed little consistency in migratory response at higher 

concentrations of SynPG-1 (Figure A 7, Appendix). 
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Figure 11: Impact of PG-1 and SynPG-1 on IPEC-J2 cell viability. Viability is represented as the % cell 
viability of cells in 2% serum after a 3hr incubation with peptide, relative to cells without peptide treatment. 
Data represents the mean ±SEM of 3 independent experiments performed in quadruplicate. Asterisk 
represent a significant difference at p<0.05, as compared to the control by two-way ANOVA with post hoc 
Tukey’s test.  

 

Figure 12: The effects of PG-1 and SynPG-1 on stimulating (a) Cell proliferation in IPEC-J2 cells after 24hr 
incubation in peptide treatment, represented by the relative fold increase in cell count; (b) Cell migration of 
IPEC-J2 after 16 hr incubation is represented% cell viability of cells in 2% serum after a 3hr incubation with 
peptide, relative to cells without peptide treatment. Data represents the mean ±SEM of 3 independent 
experiments performed in quadruplicate. Asterisk represent a significant difference at p<0.05, as compared 
to the control by one-way ANOVA with post hoc Dunnett’s test. 
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6 Discussion 

While numerous publications have aimed to study the structural properties of AMPs 

in their relation to membrane disruption and have provided valuable insight on this 

complex interaction (47,57,180–183), few have considered the impact of the physiological 

environment on this interaction. For this reason, the primary objective of this thesis was 

to evaluate the functional stability of a novel designed AMP by evaluating bactericidal 

activity after pre-incubation in biological fluids. Before this could be achieved, a standard 

comparison of antimicrobial activity between the two peptides was carried out.  

SynPG-1 consistently displayed potent bactericidal activity at a molar concentration 

approximately 2-fold lower than that of PG-1 as shown in Table 2. This result agreed with 

our hypothesis that since SynPG-1 had higher hydrophobic content and a greater net 

positive charge than PG-1 (as seen in Table 2), it would have a greater affinity for the 

negatively charged bacterial membranes and more insertion into the lipid membrane, 

resulting in more bactericidal activity.  

Although SynPG-1 had a predicted molecular weight approximately double that of 

PG-1 (see Table 1), in the interest of providing a more conservative comparison and to 

better compare the results to future potential animal experiments, we chose to evaluate 

the two peptides based on equal mass concentration. Thus, when comparing based on a 

mass to volume ratio (μg/mL), both peptides displayed the same level of antimicrobial 

activity. However, when compared in molar concentration (μM), SynPG-1 consistently 

displayed an MBC 2-fold lower than that of PG-1, as shown in Table 2.  
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Similarly, Kim et al. reported an improvement in their hybrid peptide’s activity towards 

planktonic bacteria (132). However, the difference reported was much higher than the 

one observed in this study, with as much as a 32-fold difference in MIC between the 

parent and hybrid peptide for gram-negative species (132). The lack of substantial 

increase in activity between PG-1 and SynPG-1 indicates that other factors, aside from 

total cationicity and hydrophobicity, may play an important role in governing the 

relationship between AMP charge and bactericidal killing. For instance, Bolintineanu et 

al., who studied the pore forming mechanism by which PG-1 administers its antimicrobial 

activity, demonstrated how a threshold of sufficient pore formation must be reached by a 

peptide before bacterial death can be achieved (66). The process of pore formation is 

thought to be facilitated through hydrogen bonds between PG-1 monomers (63), and that 

insertion into the membrane occurs only after sufficient oligomerization (64). Therefore, 

although the addition of the Syn-domain may improve the adherence of the peptide to the 

cell membrane, the resulting antimicrobial activity may still be governed by the peptide-

to-peptide interaction of the PG-1 domain within SynPG-1. Current research into the self-

assembly of AMPs is a challenge. It is difficult to pin-point which specific interactions 

between peptide motifs and the various hydrophobic components in the membrane are 

necessary for proper self-assembly and pore formation (184). Nevertheless, our 

comparison demonstrates that there is still much to be understood in relation to 

maximizing antimicrobial activity through sequence modification. 

In regard to their application for therapeutic treatments, stability in physiological 

fluids is a major hurdle for many AMPs. When considering the structural stability of 
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natural PG-1 originating from porcine leukocytes, it is understandable that this peptide 

had not evolved for major distribution within the body, but rather localized release within 

tissues. Only after granular release and cleavage into the mature form at the site of 

infection is PG-1 exposed to the surrounding extracellular environment (185). In vitro 

studies on porcine neutrophil activity have noted the generation of stable antimicrobial 

activity, even in the presence of elastase inhibitors and serum, suggesting that 

neutrophil respiratory burst creates an optimal microenvironment for PG-1 activity (185). 

Additionally, PG-1’s ability to resist high saline environments (186–188) has made it an 

excellent candidate in topical treatment for burn wounds (189), especially since it is a 

characteristic lacking in most defensin AMPs (190).   

Although testing AMPs within saline environments is a key step in narrowing peptide 

candidates, it is not always representative of serum stability. Serum constituents, such 

as albumin and other serum proteins and proteases, are often the major offenders of 

reduced AMP activity (106,111,191), as well as high salt concentration. The impact of 

the circulatory environment on PG-1 can be witnessed in Steinberg et al. 

pharmacokinetic study (192). The concentration of PG-1 was measured  in the plasma 

collected from mice administered intravenously at a concentration of 4mg/kg (192). PG-

1 concentration was deduced by testing the antimicrobial activity of plasma samples 

through an agarose diffusion assay and comparing to plasma samples spiked with 

known concentrations of peptide. They reported that after 5 min after intravenous 

administration, the concentration of PG-1 was 28 μg/mL and was not detectable after 

120min post administration.  
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In the current investigation, the impact of serum on PG-1 caused an immediate 

reduction in its antimicrobial activity following 1 hour or 2 hours of pre-incubation (Figure 

4). Significant loss of activity was seen after 4 hours of pre-incubation. This result is 

consistent with Shamova et al who noted that PG-1 demonstrated reduced activity in 

fetal bovine serum (FBS) (107). When measuring the activity of PG-1 against tumour 

cell lines in comparison to non-transformed host cells, Shamova et al. reported that 

toxic effects were reduced in the presence of 10% FBS. Similarly, Edwards et al. noted 

that PG-1 activity was reduced with increasing concentration of FBS (47). When the 

researchers compared the plasma protein binding (PPB) ability of the various AMPs 

when in 100% human serum, PG-1 had the second highest binding percentage of the 

tested peptides at 89% PPB. 

In contrast, SynPG-1 was found to retain its activity after pre-incubation in 

porcine serum for at least 24hrs. Recently, Yang et al. ran a similar experiment for their 

design of hybridized insect cecropin A and Fowlicidin-2 which retained high 

antimicrobial activity after 2 hours of pre-incubation in 12.5%, 25% and 50% human 

serum (193). Similarly, a truncated analogue of the snake venom cathelicidin-like 

peptide crotalicidin, has been reported as having exceptionally high stability human 

serum for up to 12 hours of incubation (194). Perez-Peinado et al. studied synthetic 

analog variants of this peptide to try and understand the reason for its remarkably slow 

degradation within serum. They concluded that the location of the alpha-helix domain at 

the N-terminal end when followed by a hydrophobic domain was a contributing 

structural factor in the slow degradation of the peptide in serum (195). 
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A possible explanation for SynPG-1’s high resistance to serum inactivation could be 

due to self-assembly (196). Within aqueous solutions, the amphipathic structure of AMPs 

can promote self-assembly of their monomers into aggregates where hydrophobic 

residues are located inside the aggregate body and hydrophilic are outside (196). It has 

been suggested that this aggregation can help protect the AMP from cleavage if 

vulnerable sequence motifs are located within the hydrophobic region (196). Recently, 

there has been increased interest in designing self-aggregating AMP for application for 

better drug delivery and biomedical engineering (197,198). Both PG-1 and PG-4 have 

both been observed to form amyloid-like aggregates (199–201). Further investigation into 

the mechanism by which SynPG-1 fulfills its activity when in the presence of serum should 

be undertaken. Circular dichroism (CD) spectroscopy could be used to study potential 

SynPG-1 monomer aggregation, as well as binding of serum constituents to PG-1. The 

serum stability results in this study could be confirmed through the use of High Pressure 

Liquid Chromatography (HPLC) to measure the concentration of peptide after serum 

incubation as well as to investigate the levels of various serum constituents which may 

be contributing to PG-1’s inactivity.  

As of yet, there have not been any studies investigating the stability of PG-1 to 

the gastrointestinal environment or to enzymatic cleavage. The current investigation 

showed that serum stability did not translate to stability within solutions of porcine 

gastric and intestinal fluid or stimulated intestinal fluid (SIF). While both peptides were 

able to withstand an hour pre-incubation in 25% and 50% porcine gastric fluid, a greater 

susceptibility to porcine intestinal fluid was evident through the loss of antimicrobial 
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activity (Figure 6). One limitation to this study was the ability to directly quantify the 

concentration of enzyme in the collected fluid. However, when the experiment was 

repeated using SIF containing a known concentration of trypsin enzyme, a similar 

reduction of peptide activity was seen when incubated in fresh intestinal fluid. 

Additionally, PG-1 resistance to low pH has been reported by Huynh (202). This 

coupled with the results from the trypsin stability (Figure 5), and in silico prediction of 

peptide cleavage susceptibility, indicates that the reduction in activity was likely due to 

degradation by trypsin enzyme, rather than the effect of pH. Confirmation of peptide 

degradation could be attained from conducting HPLC in order to quantify the 

concentration undegraded peptide as well as concentration of trypsin and other 

gastrointestinal components. Currently, several studies have indicated the potential of 

PG-1 as treatment for colitis, observed through therapeutic ability to positively influence 

intestinal tissue repair (203) and mediate inflammatory markers in experimentally 

infected mice (204). Thus, the stability of the peptide in trypsin and gastrointestinal fluid 

which was reported in this current study suggest that there is potential room for 

improving PG-1 stability towards endogenous proteases and that this improvement may 

result in increasing its therapeutic potential. 

Aside from characterizing the stability of each of the peptides, another major 

objective for this project was to compare the peptides in their antibiofilm activity. To 

date, the antibiofilm activity of PG-1 has only been studied for two species of bacteria, 

Streptococcus mutans and Acinetobacter baumanni (79,205). These two studies alone 

are not sufficient to characterize the PG-1’s antibiofilm spectrum. Considering that the 
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composition of the extracellular-polymeric substance (EPS) of a biofilm can vary widely 

from species to species (206), further investigation into the spectrum of antibiofilm 

activity of PG-1 is necessary. To remedy this, we evaluated the effect of PG-1 and the 

hybrid peptide on the disruption and formation of biofilms from three pathogenic MDR 

bacteria and measured the remaining viable cells.  

Within our study, the marginal reduction in the biomass observed through crystal 

violet staining, coupled with the substantial reduction in viable bacteria within the biofilm 

indicates that both PG-1 and SynPG-1 have some mechanism which allows them to 

penetrate the EPS, and facilitate bactericidal killing. This conclusion is consistent with 

Liu et al’s study on PG-1’s anti-biofilm activity against Streptococcus mutans. Their 

study revealed that Green Fluorescent Protein-tagged PG-1 had little effect in degrading 

the EPS, but a marginal reduction of viable cells when treated with 10 μg/mL of peptide 

for 1 hour (205). Additionally, they noted that the combination of EPS-degrading 

enzymes with GFP-PG-1 had a synergistic effect in further lowering cell count. In 

contrast, Morroni et al reported that PG-1 was unable to prevent or disrupt various 

strains of Acinetobacter baumannii biofilms, a common pathogen found in medical 

devices, when tested alone or with an antibiotic (79). However, their study did not 

enumerate bacteria within the biofilm and the assessment was based only on reduction 

in crystal violet staining.  

One interesting observation from the enumeration of cells within the biofilm (Figure 7 

and 8) is the biofilm cell’s resilience to high concentrations of peptide. Viable biofilm 

colonies remained after incubated with peptides at concentrations 16 times higher than 
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the MBC of their planktonic counterparts. Even when attempting to inhibit formation of 

biofilm, viable cells persisted. Other authors have also noted a lack of correlation between 

MIC or MBC values and effective biofilm reduction (207). Gopal et al, also reported an 

increase between the MIC of the peptide NRC -16 and several strains of P. aeruginosa 

(208). Similarly, for Goa et al’s modified novel peptide analogues of medusin-PT 

demonstrated 50% biofilm inhibition at a concentration of 32 μg/mL, while MIC for the 

same strain was reported as 8 μg/mL.  

A possible explanation for these differences could be that the susceptibility of bacteria 

within biofilm-forming conditions towards PG-1 and SynPG-1 may differ to their planktonic 

counterparts. Bacteria within biofilms are known to operate at a lower metabolic status 

than their planktonic counterparts (81), and have been observed to be genotypically and 

phenotypically distinct (85). Some of these bacteria exist in a dormant state and are 

referred to as persister cells, named so due to their ability to persist at high concentrations 

of antibiotics which act only on actively growing cells (209). These persister cells can then 

come out of dormancy and begin dividing, repopulating the environment (209). Bahar et 

al. demonstrated the ability of a synthetic AMP to kill persister cells of P. aeruginosa but 

noted that the concentration required to do so was much higher (210). For instance, while 

a concentration of 20μM killed ~80% of biofilm cells, a concentration of 200μM was 

required to kill ~68% of persister cells (210). While the process of persister cell formation 

is not well known, their formation is thought to be induced through the presence of 

stressors similar to that of biofilm bacteria, such as presence of antibiotic at lethal 
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concentration (210). Thus, it may be possible that presence of peptide may also trigger 

dormancy amongst some cell types, and therefore allow for continual bacterial growth.  

Alternatively, the difference between the MBC of planktonic bacteria and their 

counterparts within pre-formed biofilm may be due to a loss of peptide after interaction 

with EPS constituents. Some AMP have been known to become trapped within the EPS 

due to the strong attraction between negatively charged EPS components and cationic 

charge of AMP, thus making them devoid of any anti-biofilm activity, or degraded by 

biofilm enzymes (207). Therefore, in the process of translocating through or disrupting 

the EPS, some peptide may have been lost in the process. This may also account for 

the concentration-independent response seen in the crystal violet assay. On the other 

hand, the difference may also be associated with the fact that bacteria within biofilms 

adhere to one another, forming multiple layers (211). Thus, peptide may simply have 

limited access to the bacteria found further within the multilayered colonies. Further 

investigation is necessary for understanding AMP interactions with bacteria within 

biofilms. 

While these results suggest that PG-1 and its hybrid impose their antibiofilm activity 

primarily through antimicrobial activity on biofilm cells, inhibition and disruption of EPS 

by PG-1 and SynPG-1 needs to be confirmed. Quantification of biomass through CV 

staining produced results with varying levels of consistency, and thus should be further 

investigated. Additionally, these results do not rule out other mechanisms for antibiofilm 

action. To date, no investigation of PG-1’s ability to change gene expression in biofilms, 

or bind to autoinducer or signaling nucleotides, exists. PG-1 has been reported to be 
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able to complex with bacterial DNA, suggesting potential for single nucleotide binding 

mechanism (105). Additionally, while the biofilm assays reported here are beneficial for 

screening PG-1’s ability for attacking biofilms present on inorganic surfaces, some have 

noted that biofilms growing on organic surfaces may behave differently. Thus, further 

investigation is needed to conclude PG-1’s suitability for application on biofilms growing 

on the epithelium.  

Regardless, the ability to penetrate through the biofilm and target adhered cells 

makes PG-1 and SynPG-1 good candidates for treatment of biofilm infections. In the 

context of potential in vivo application, complete biofilm eradication is not critical. Rather 

the significant reduction allows for the hosts immune system to gain the advantage and 

complete the eradication. Furthermore, these peptides may be good candidates for 

combinatorial treatment strategies with other compounds such as antibiotics and 

autoinducer inhibitors, as they may provide access through the EPS. 

Aside from antimicrobial activity and antibiofilm activity, another valuable 

characteristic common to many peptides is the ability to bind and neutralize LPS. In the 

instance of substantial bacterial lysis, the subsequent mass release of LPS can 

stimulate over activation of the pro-inflammatory immune response, leading to endotoxic 

shock (101). While PG-1 has been demonstrated to bind LPS in vitro (102), 

Steinstraesser et al reported that treatment of septic mice with PG-1 induced greater 

mortality than the infected control, attributing the problem to excessive release of LPS 

from lysed cells (212). Thus, the intent of adding the Syn-domain was that it would 

increase LPS-binding. Surprisingly, the addition of the domain to PG-1 did not 
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significantly improve LPS binding in this comparison. Peptide binding to aqueous LPS 

occurs through the same mechanisms of electrostatic attraction as for binding to 

surface-embedded LPS (213). Thus, it was reasoned that the lack of substantial 

improvement in antimicrobial activity is associated with the lack of improvement in LPS-

binding activity, although, it is unclear why. In contrast, Kim et al. had achieved almost 

100% LPs-binding with the addition of the Syn-domain (132). Similarly, Mohanram et al. 

achieved more than 75% LPS binding in a hybrid peptide possessing unique synthetic 

beta-boomerang motif with LPS-binding activity, where the parent peptide had limited 

LPS binding (131). These successful reports make it all the more perplexing as to the 

lack of significant difference observed in this study. Possible study limitations which 

could have contributed to this result could be the decision to compare peptides based 

on mass concentration rather than molar concentrations, as increased moles of PG-1 

could potentially mask any advantage of SynPg-1. Additionally, the cost of the LPS 

assay limited this study to 2 replicates per treatment, which could have also contributed 

to the lack of difference. Further investigation could also include the Syn domain 

independently for comparison.  

In addition to antimicrobial activity, a major mechanism of antimicrobial peptide is 

their ability to stimulate immune defense pathways to help facilitate the clearance of 

infection. While increasing peptide antimicrobial activity through synthetic modification, 

has been the major focus of AMP research, few have evaluated the impact that 

modifications may have on proper stimulation of immune pathways. McPhee and 

Hancock pointed out that peptide design based on maintaining or improving immunity-
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enhancing activity may be of greater importance to therapeutic application, than direct 

antimicrobial activity (159). Previously, our lab has explored the immune modulating 

effects of PG-1 on stimulating cell migration on IPEC-J2 cell line and increased 

expression of pro-inflammatory cytokines and immune-related factors (104). In the 

current study, we assessed whether the hybrid peptide, SynPG-1, could still mimic this 

same response from IPEC-J2 cells or whether the addition of the Syn-domain would 

abolish the ability. Presently, we observed significant migration of cells after treatment 

with 20 μg/mL of PG-1 or 5 μg/mL of SynPG-1. The study of the peptide’s impact on cell 

proliferation showed no effect, suggesting the observed increase in migration was not 

due to cell division (Figure 11 a). Higher concentrations of SynPG-1, however, did not 

yield the same migratory response. Since neither peptide demonstrated any significant 

impact on cell viability at these concentrations, it is unclear why no migratory stimulation 

at higher concentrations was seen. More investigation of this mechanism is necessary 

to understand how structural modification of impacts immune activation of cellular 

targets. Further investigation could involved CD spectroscopy as a means of confirming 

PG-1’s interaction with IGF-1 receptor. 
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7 Conclusion 

Hybridization of the Syn-domain to PG-1 resulted in a hybrid antimicrobial peptide 

with substantially greater stability in serum than the parent peptide, while maintaining 

the same antimicrobial activity and antibiofilm activity as well as ability to stimulate cell 

migration. These qualities make SynPG-1 a good candidate for future studies on topical 

or systemic administration in antimicrobial therapies. This research demonstrates that 

improvement to peptide stability is possible without loss of the advantageous qualities of 

the natural peptide. Future study of SynPG-1 is necessary to understand what specific 

qualities contributed to its improvement so that similar approaches can be utilized for 

the improvement of other peptides. Additionally, this study outlined potential structural 

limitations of the original PG-1 sequence which could inspire future design 

recommendations to improve its therapeutic potential for oral administration. 
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APPENDIX 

 

Table A 1: Raw colony count data from Antimicrobial Assay for MBC. 

Bacteria 
MBC 

μg/mL 

Control PG-1 SynPG-1 

1 2 3 1 2 3 1 2 3 

Escherichia coli 2 800 800 854 0 0 0 0 0 0 

Salmonella 

typhimurium 
4 356 409 517 0 0 0 0 0 0 

MRSA1 0.5 34 52 33 0 0 0 0 0 0 

MRSP2 0.5 38 68 115 0 0 0 0 0 0 
1 Methicillin-resistant staphylococcus aureus. 2 Methicillin-resistant Staphylococcus pseudeintermedius 
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Table A 2: Raw Escherichia coli colony count data from Serum Stability Assay. 

Max. 

Time 

Point 

Time 

Point 

Control PG-1 SynPG-1 

1 2 
3 

1 2 
3 1 2 3 

 

 

7hrs 

0h 894 696 700 0 0 0 0 0 0 

1h 1112 1296 492 980 964 1 3 4 0 

2h 1064 2224 552 872 0 69 0 7 8 

4h 1134 1164 680 1096 588 468 29 13 3 

7h 674 924 556 336 928 138 1 4 1 

 

24hrs 

0h 362 110 76 0 0 0 0 3 0 

14h 152 101 89 150 67 40 0 0 0 

24h 106 75 157 137 61 104 0 0 0 
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Table A 3: Raw Escherichia coli colony count data from Trypsin Stability Assay. 

Ratio Time 

Point 

Control PG-1 SynPG-1 

1 2 3 1 2 3 1 2 3 

 

 

100:11 

0h 224 347 877 0 0 0 0 0 0 

0.5h 245 384 736 0 0 0 0 0 0 

2h 276 1006 461 0 0 0 0 0 4 

4h 860 325 210 0 0 0 0 0 54 

 

 

20:11 

0h 224 347 877 0 0 0 0 0 12 

0.5h 245 384 736 0 2 6 1 7 525 

2h 276 1006 461 0 0 72 2 113 289 

4h 860 325 210 709 43 253 494 257 207 
1 Representing peptide to trypsin ratio 
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Table A 4: Raw Escherichia coli colony count data from Porcine Digestive Fluid & SIF Stability Assay. 

Digestive 

Fluid 

% Fluid Control PG-1 SynPG-1 

1 2 3 1 2 3 1 0 3 

Gastric 

Fluid 
25% 102 115 664 0 0 0 0 0 0 

50% 86 162 1591 0 0 1299 14 0 0 

Intestinal 

Fluid 
25% 33 137 1722 0 0 0 75 0 286 

50% 65 61 1190 92 23 1 56 23 1788 

SIF1 25% 33 137 1722 0 0 0 75 0 286 

50% 65 61 1190 92 23 1 56 23 1788 
1 SIF -stimulated intestinal fluid. 
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Figure A 1: Absorbance at wavelength 595nm of E. coli biofilm stained with crystal violet dye after 
treatment with PG-1 and SynPG-1 to measure biofilm inhibition: (a) Trial #1; (b) Trial #2 and; (c) Trail #3. 
Each graph represent average ± SD of n=6 replicate wells from one experiment before statistical analysis.  
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Figure A 2: Absorbance at wavelength 595nm of S. typhimurium biofilm stained with crystal violet dye 
after treatment with PG-1 and SynPG-1 to measure biofilm inhibition: (a) Trial #1; (b) Trial #2 and; (c) 
Trail #3. Each graph represent average ± SD of n=6 replicate wells from one experiment before statistical 
analysis. 
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Figure A 3: Absorbance at wavelength 595nm of Methicilin-resistant S. aureus biofilm stained with crystal 
violet dye after treatment with PG-1 and SynPG-1 to measure biofilm inhibition: (a) Trial #1; (b) Trial #2 
and; (c) Trail #3. Each graph represent average ± SD of n=6 replicate wells from one experiment before 
statistical analysis. 
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Figure A 4: Absorbance at wavelength 595nm of E. coli  biofilm stained with crystal violet dye after 
treatment with PG-1 and SynPG-1 to measure biofilm destruction: (a) Trial #1; (b) Trial #2 and; (c) Trail 
#3. Each graph represent average ± SD of n=6 replicate wells from one experiment before statistical 
analysis. 
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Figure A 5: Absorbance at wavelength 595nm of S. typhimurium biofilm stained with crystal violet dye 
after treatment with PG-1 and SynPG-1 to measure biofilm destruction: (a) Trial #1; (b) Trial #2 and; (c) 
Trail #3. Each graph represent average ± SD of n=6 replicate wells from one experiment before statistical 
analysis. 
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Figure A 6: Absorbance at wavelength 595nm of Methicilin-resistant S. aureus biofilm stained with crystal 
violet dye after treatment with PG-1 and SynPG-1 to measure biofilm destruction: (a) Trial #1; (b) Trial #2 
and; (c) Trail #3. Each graph represent average ± SD of n=6 replicate wells from one experiment before 
statistical analysis. 
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Figure A 7: Average Cell Count of migrated IPEC-J2 cells after treatment with PG-1 and SynPG-1: (a) 
Trial #1; (b) Trial #2 and; (c) Trail #3. Each graph represent average ± SD between 2 replicate transwells 
from one experiment before statistical analysis. 

 

  


