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Abstract

:

Antimicrobial discovery in the age of antibiotic resistance has demanded the prioritization of non-conventional therapies that act on new targets or employ novel mechanisms. Among these, supramolecular antimicrobial peptide assemblies have emerged as attractive therapeutic platforms, operating as both the bactericidal agent and delivery vector for combinatorial antibiotics. Leveraging their programmable inter- and intra-molecular interactions, peptides can be engineered to form higher ordered monolithic or co-assembled structures, including nano-fibers, -nets, and -tubes, where their unique bifunctionalities often emerge from the supramolecular state. Further advancements have included the formation of macroscopic hydrogels that act as bioresponsive, bactericidal materials. This systematic review covers recent advances in the development of supramolecular antimicrobial peptide technologies and discusses their potential impact on future drug discovery efforts.
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1. Introduction


Antibiotics have been a pillar of medicine since ancient times, and an essential tool in modern healthcare since the discovery of penicillin in 1928 [1,2]. With their widespread use, antibiotics have been largely credited with the rapid elongation of life expectancy in the years following. However, the ease of access and pervasive use of these ‘miracle’ compounds has exposed several clinical hurdles, with no obvious solutions. The most well-established, of course, is the emergence of multidrug-resistance (MDR) through the avoidance of antibiotic action via microbial dormancy and altered metabolism [3,4], mutational alteration of the drug target [5,6], and over-expression of drug efflux pumps and other clearance systems [7,8,9]. Many drugs also suffer from bioavailability barriers and short half-lives. This requires high doses to be orally or systemically administered, which can lead to off-target toxicities, and critical impairment of the host microbiome that wards against disease recurrence and opportunistic superinfections [10,11]. As a result, the last decade has seen a prioritization of new antimicrobial agents designed to slow evolutionary resistance, paralleled by the development of local delivery technologies to address off-target toxicities and pharmacokinetic liabilities.



Accordingly, antimicrobial drug discovery has begun to diverge from conventional small molecule chemical scaffolds to novel biotherapeutics, including nucleic acids [12], phages [13,14,15], and antimicrobial peptides [16,17,18,19,20]. Although these biologics hold significant clinical potential, particularly against MDR microbes [21,22,23,24], their widespread adoption has been limited by immunogenicity, serum instability and off-target effects. Thus, to realize the full potential of these novel antimicrobials as targeted therapies requires local delivery devices that can direct the agent to the site of infection. Antimicrobial supramolecular peptide assemblies have the potential to satisfy both criteria, offering a platform to design fast-acting and potent microbicides that can be engineered for local and specific delivery.



The discovery, design and mechanisms of antimicrobial peptides (AMPs) have been extensively examined elsewhere [25,26,27,28,29,30,31]. Instead, this review will cover assemblies of functional peptide building blocks that exploit their diverse intrinsic and extrinsic antimicrobial effects to develop new supramolecular therapeutic scaffolds. These hierarchical materials are defined by a number of unique properties that are difficult to recapitulate with more traditional platforms, like polymers. For example, the twenty natural amino acids provide an enormous sequence space to explore, with additional complexity offered by an ever-increasing commercial array of non-natural residues. As a result of this chemical versatility, peptide assembly can be driven by electrostatic complexation, hydrophobic interactions or van der Waals forces [32,33], thus allowing for highly modular and customized molecular architectures. Peptides also offer a means to create materials that are inherently bioresorbable and bioactive, often serving as ligands for precise targeting to extracellular protein domains. Finally, the advent of new synthetic techniques and microwave-assisted methods allows peptides to be manufactured at clinically and industrially relevant scales [34,35,36]. Still, membrane-active polymers offer marginal advantages such as the facile and scalable synthesis of high molecular weight material precursors, variable blocks to diversify functionality, and high-persistence length chains that can direct higher ordered entanglement. Nonetheless, the unique advantages of peptides manifest themselves into a class of novel materials that have changed the outlook of clinical antimicrobials and their applications.



Here, we examine peptide-based supramolecular antimicrobials that either serve as the bioactive bactericidal agent, or function as a scaffold for the encapsulation of exogenous antibacterials to improve their specificity, efficacy, and pharmacologic properties (Figure 1). We limit our discussion to non-covalent, self-assembled structures, as biomaterials prepared from chemically ligated peptide conjugates have already been extensively reviewed [37,38,39]. Together, these supramolecular technologies allow clinicians to directly implant or inject the therapeutic material at the infection site, promote passive and active targeting of circulating therapies, and the utilization of non-conventional delivery methods for local application (e.g., aerosolization). In part, such precision over material localization itself alleviates many barriers of bioavailability. Further, biomolecular assemblies consisting of, encapsulating, or bound to, antimicrobials can achieve high local concentrations of the effective agent and provide protection from degradation and clearance, therefore leading to improved efficacy in vivo. More importantly, by exploiting antimicrobials with unique modes of action, or through the revitalization of novel antibiotic candidates that have previously been discarded, these materials can offer unique opportunities to design therapies capable of circumventing MDR. Thus, antimicrobial peptide-based materials represent an emerging weapon in our clinical arsenal against bacterial infections.




2. Antimicrobial Supramolecular Peptide Assemblies


AMPs represent a class of naturally derived antimicrobials that have evolved as key defensive systems across multiple ecologic phylum [40,41,42,43]. These bactericides elicit their effects via rapid, often lytic, mechanisms of action that do not principally rely on biochemical targets [44,45,46,47]. Importantly, these membrane-specific physical mechanisms are not shared by conventional antibiotics, and so AMPs are generally active towards MDR microbes. Yet, despite their therapeutic potential, AMPs have not been widely adopted into clinical practice due to several physiological and pharmacological barriers, including proteolytic instability, high serum binding, poor mucosal partitioning and broad-spectrum toxicity [48,49,50]. Organization of these bioactive compounds into higher-ordered, self-assembled structures has the potential to circumvent many of these limitations, while simultaneously adding structural and mechanical functionalities otherwise absent in their monomeric form.



Key to peptide self-assembly are intra- and inter-molecular interactions among hydrophobic, charged, and aromatic residues that drive thermodynamically favorable supramolecular organization. The resultant nanostructures often adopt fibrillar morphologies, which then provide the building blocks for further assemblies to form multimeric nanonets, nanoribbons, nanotubes, and bulk hydrogels. Here, we discuss the antimicrobial activity of nanofiber architectures, as well as their eminent higher-ordered structures, and highlight how supramolecular organization alters their specificity, potency, and clinical relevance.



2.1. Monomorphic Nanofibers


Many naturally derived antimicrobial nanofibers adopt amyloid-like architectures, reminiscent of those found in neurologic pathologies [51,52,53,54]. Although β-amyloid nanofibers are the most predominant structures reported in the literature, there exist other conformational states that can achieve similar antimicrobial activity. We focus on systems with a singular morphologic state (monomorphic) and use their divergent structural characteristics to distinguish β-amyloid from non-amyloid fibers, linking molecular conformation to antimicrobial activity.



2.1.1. β-Amyloid Fibrils


Amyloid-β (Aβ) peptides, well known for their role in Alzheimer’s disease [55,56,57], have been recently shown to exhibit antimicrobial activity against many Gram-positive and Gram-negative microbes, as well as fungal pathogens [58,59,60]. The prevailing evolutionary hypothesis is Aβ emerged as a defense against neurologic infections [58,61,62,63], and subsequent structure-activity studies have shown that its activity is derived from an ability to rapidly adopt oligomeric states that precede to protofibril formation and poration of the bacterial cell wall [64,65]. Bacteriologic studies demonstrate broad spectrum activity of Aβ, with micromolar potency against the Gram-positive microbes E. faecalis, L. monocytogenes, S. aureus, S. epidermidis, S. agalactiae, and S. pneumoniae [61,66]. Propagation of these self-assembled structures can also display long-range effects, including the entrapment of microbes within β-amyloid fibrillar arrays to prevent their access to mammalian cells [67]. This suggests that, in addition to their intrinsic bacteriolytic activity, supramolecular structures can inhibit infections by serving as a physical barrier. This is supported by biophysical studies of Aβ assembly in the presence of Gram-negative microbes, including C. pneumonia, T. palladium, B. burgdoferi, and P. gingivalis, which were shown to influence pathway-dependent Aβ assembly and increase the production and deposition of β-amyloid fibers [66]. Notably, in vivo studies using a transgenic mouse model of Alzheimer’s Disease (5XFAD) infected with S. typhimurium found a greater abundance of Aβ assemblies formed directly surrounding the pathogenic bacteria [68]. By reinforcing the protective properties of these assemblies, S. enterica infection of transgenic mice engineered to produce a mutant human isoform of the amyloid precursor protein exhibited a longer survival rate compared to the control group without Aβ expression [69].



The assembly phenomena of Aβ peptides have been studied for decades, and identified a conserved Phe-Phe (FF) dipeptide motif that drives their organization into higher-ordered states [70]. Intermolecular hydrogen bonding and π-π stacking of these residues serves to reduce the self-assembly energy barrier and stabilize resultant nanostructures [71,72]. This has been subsequently exploited to develop synthetic, amyloid-like antimicrobials incorporating FF self-assembly domains. For example, Shen et al. prepared a mirrored 8-mer peptide, KRRFFRRK (FF8), in which the FF core is flanked by basic lysine and arginine residues [73]. FF8 formed stable, micron-length fibers in basic environments (Figure 2a,b), whereas the control peptide KRRGGRRK (GG8) exhibited no higher ordered structure, confirming the importance of the FF core on assembly. Consequently, GG8 was inactive towards E. coli cells, while the bulky aromatic groups of FF8 helped to stabilize its intercalation into the lipid outer microbial membrane to elicit bacteriolysis (Figure 2c–f). Interestingly, although FF8 was active toward the tested Gram-negative pathogens, it was relatively inert towards the Gram-positive microbe S. aureus. This is explained by the ability of the thick peptidoglycan coat of Gram-positive bacteria to insulate against the lytic effects of the peptide.



Other bulky and hydrophobic residues, such as tryptophan, have also been used to stabilize nanofiber assemblies. For example, the tryptophan-rich, de novo peptide MAD1 undergoes tryptophan zippering to form antitubercular structures [74]. Here, intermolecular peptide organization is driven via Trp-Trp pairing, which has been shown to improve the stability and enhance the antimicrobial effects of self-assembled β-hairpin sequences [75]. Interestingly, this tryptophan-mediated assembly imparts MAD1 with high specificity towards M. tuberculosis, achieving an MIC of 2.5 μM towards the pathogen with minimal activity toward an array of Gram-positive and Gram-negative microbes.



While these non-natural, linear sequences can be engineered to attack bacterial pathogens, nature appears to prefer cyclic peptide building blocks to construct supramolecular antimicrobials. Exemplifying this are polyphemusin-1 (PM-1) [76,77,78,79] found in horseshoe crab hemocytes, θ-defensin BTD-2 [79,80,81] isolated from baboons and protegrin-1 and -4 (PG-1, -4) [78,79,82,83,84,85] derived from porcine leukocytes, which all adopt cyclic conformations and β-sheet rich amyloid assemblies that potentiate their antimicrobial activity. PM-1, for instance, displays nanomolar activity towards E. coli (MIC = 30 nM), with broad spectrum effects towards a multitude of other pathogens [76,77,78,79]. Recent structure-activity studies have linked the β-hairpin secondary structure of PM-1 to its ability to form long-range fibrillar assemblies that mediate receptor-independent mechanisms of bactericidal action [79]. Antimicrobial BTD-2 peptides, which are cyclized via central disulfide linkages, have also been recently observed to self-assemble into anti-parallel oligomers to form asymmetric amyloid-like fibrils [79,80]. Interestingly, the co-assembly of BTD-2 with other fibril-forming sequences, such as the tau-derived AcPHF6 peptide, has been shown to enhance the growth and stability of amyloidogenic assemblies [81]. This suggests that the combinatorial assembly of diverse amyloid-forming peptides could access more structurally stable and potent antimicrobial states compared to homogenous systems. Similarly, protegrin peptides PG-1 and PG-4 display conformationally-dependent, broad-spectrum activity [78,79,82,83], which is potentiated upon oligomerization into β-sheet rich amyloid assembles [84,85]. To demonstrate this, Guor et al. tested the activity of monomeric and self-assembled PG-4 against B. subtilis to elucidate gain- or loss- of function after higher order assembly [84]. While the antibacterial potency of PG-4 was similar in the unassembled vs. assembled state, biocompatibility of the supramolecular scaffold towards mammalian cells was significantly improved compared to the monomer, as demonstrated by a reduction in peptide cytotoxicity toward both HEK-293 and Caco-2 cells after 24 h of treatment.



This behavior of PG-4 serves to highlight one of the principle advantages of supramolecular AMP scaffolds, which is that their microbial specificity and host tissue biocompatibility often significantly improve following assembly. This phenomenon has been exploited to develop self-assembling antimicrobial nanofibers (SAANs) composed of QL dipeptide repeats that are flanked by basic residues, referred to as Synthetic Multidomain Peptides (MDP) (Figure 3) [86,87]. Here, hydrogen bonding and hydrophobic intermolecular interactions between the QL central motif promotes the formation of β-amyloid fibers, which then interact with and destabilize bacterial cell membranes. The addition of lysine residues on the termini enables modulation of fiber length, strength, entanglement, and gelation through the adjustment of pH and salinity [88]. More recent studies have focused on tuning the antimicrobial activity of SAANs by either conjugating the sequence to an AMP [89], or optimizing the sequence composition to enhance its intrinsic antibacterial specificity [86,87,90]. For example, conjugation of melittin, a cytotoxic AMP, to a histidine-containing MDP (H3(QL)6-Mel) resulted in a dramatic decrease in its cytotoxicity towards mammalian cells, without impacting its antimicrobial potency [89]. This was a result of sequestering the hydrophobic melittin residues within the β-amyloid nanofiber core to reduce its interaction with lipid mammalian cell membranes, while simultaneously presenting the antimicrobial warhead of the peptide orthogonal to the fibril axis to maintain its bactericidal activity. As an alternative strategy, Xu et al. found that the tryptophan- and lysine-rich MDP, D-W362 (dWdK3(QL)6dK2), formed fibers with potent antibacterial activity and minimal cytotoxicity (Figure 3) [87]. The optimized sequence, which contains a mix of L and D amino acids, was found to be toxic towards E. coli, P. aeruginosa, S. aureus, and S. epidermidis with MIC values ranging from 5–20 μM. Counter-screening the sequence against bone marrow-derived mouse monocytes revealed a conformationally dependent toxicity profile. For instance, at 1 μM concentrations, where MDPs exist as monomers or small oligomers, ~50% cytotoxicity of healthy cells was observed following a 24 h incubation. However, when MDP concentration was increased to induce self-assembly (>5 μM), no appreciable cell death was observed. Biophysical structure-activity studies using model liposomal membranes and whole E. coli bacteria showed that β-amyloidogenic assemblies of D-W362 were able to deform and rupture the microbial membrane, but prevented accumulation of the peptide in mammalian cell or erythrocytes membranes to avoid cytotoxicity [86]. The design of these antimicrobial assemblies has been more recently expanded to include poly-histidine blocks (WHX(QL)6K2 where x = 5, 7, or 9) in order to promote their pH-dependent assembly within acidic macrophage lysosomes that serve as a survival niche for certain bacterial pathogens, such as B. fragilis [90]. These sequences maintain their β-amyloid fibrillar state at neutral pH, but undergo instructed disassembly in acidic environments due to histidine protonation and electrostatic repulsion, yielding bioactive monomers that can elicit bacterial lysis. When tested in aerobic settings at neutral pH, the peptide was well tolerated by the model microbe E. coli (MIC > 40 μM). However, under anaerobic conditions, where the culture media became acidified to pH 6.4, the peptide potently killed E. coli, B. fragilis and S. aureus pathogens with MICs of 10, 5, and 5 μM, respectively. As designed, the polyhistidine sequence maintained is biocompatible properties and was well tolerated by NIH/3T3 fibroblasts (>80% viability up to 40 µM) and red blood cells (<5% hemolysis observed at concentrations 16 times greater than their bacterial MIC).




2.1.2. Non β-Amyloid Fibril Assemblies


Although β-amyloid antimicrobials have been most widely studied in the literature, several helical supramolecular bactericides have also been described, which is perhaps unsurprising given the well-established bacteriolytic activity of AMP α-helices. In two notable examples, helical antimicrobials were derived from peptides in the phenol-soluble modulin (PSMs) family, PSMα3 [91,92]. This peptide is a key virulence factor of S. aureus and, once secreted, is toxic toward mammalian cells. However, the α-helical PSMα3 monomer is inactive toward host cells, and only displays its cytotoxic effects after oligomerization of the peptide to form cross-α fibrillary architectures. Investigation of this sequence identified the amphipathic LFKFFK functional motif responsible for its supramolecular assembly [93]. Surprisingly, this peptide exhibited strong dose-dependent antibacterial activity against M. luteus and S. hominis suggesting that, in addition to its ability to elicit host toxicity, PSMα3 may serve as a defensive agent of S. aureus to ward off competing microorganisms. Later, the self-assembled structure of the six residue sequence was found to exist as two specific polymorphic conformations: an atypical β-sheet hexamer that forms a supramolecular assembled nanotube and non-perpendicular out-of-register β-sheets forming cross-β fibrils. These divergent assembly phenomena suggest a structural plasticity of the supramolecular architecture that generates various virulent outcomes dependent on the local microenvironment. Similarly, two other members of the same peptide family, PSMα1 and PSMα4, adopt cross-β conformations leading to a class 1 steric zipper in β-amyloid-like assemblies [93]. Segmental analysis identified the minimal self-assembly motifs IIKVIK and IIKIIK, for PMSα1 and PMSα4, respectively, that drive self-assembly. These assembly domains on their own did not show functional antimicrobial activity, supporting the assertion that fibrillization itself does not confer activity but rather enhances the bacteriolytic effects and specificity of antimicrobial motifs. Other antimicrobial sequences derived from the PSM family of peptides have also been recently engineered to combat MDR bacteria [94]. The lead candidate peptide zp3 (GIIAGIIIKIKK-NH2) displayed an MIC of 8 μM toward E. coli, B. subtilis, and C. freundii, and generated minimal hemolytic activity (<5% at 256 μM) and cytotoxicity toward HEK293 cells (IC50 > 80 μM) when employed well above its microbicidal concentration.



Other examples of AMP assembly resulting in amplified activity can be found in the literature, such as the α-helical cathelicidin (LL-37) [95]. Here, peptide monomers organize into an anti-parallel dimer which enables a broader spectrum of microbial toxicity compared to its monomeric form. This is a result of the altered orientation of bulky hydrophobic residues following dimerization, which promotes dimer intercalation into cell membranes to induce toxicity. Subsequent long-range assembly of LL-37 in the presence of lipid membranes leads to the formation of helical fibers (Figure 4). These fibers are able to extract membrane lipids from bacteria and sequester them within hydrophobic pockets in the dimerized fibrils to prevent their reintegration into the microbial membrane [96]. These membrane-templated assemblies have also been visualized for the α-helical antimicrobial peptide Lasioglossin-III, which forms protofibrillar structures on mammalian cell membranes following fusion [97]. Similarly, early studies hypothesized conformational rearrangement of LL-37 from α-helix to β-structures promoted its assembly into amyloidogenic architectures [98]; however, this was refuted after β-structures were not observed following peptide assembly in lipid membranes [96,99]. This conclusion was reinforced when the co-assembly of LL-37 with Aβ peptides not only inhibited Aβ fibril growth, but destabilized pre-formed assemblies by inhibiting β-sheet secondary structure [100].





2.2. Nanofibrillar Nets


Long-range propagation of amyloid fibrils can yield antibacterial nanonets, where the evolution of fibrillar meshes physically traps nearby bacteria to elicit antimicrobial effects by preventing microbial invasion, rather than direct killing of the invader. While Aβ has been reported to entrap pathogens, its primary mode of antimicrobial activity is lysis of the sequestered bacteria [67,68]. Human α-defensin 6 (HD6), on the other hand, has been well characterized to self-assemble into supramolecular nanonets that elicit their function through bacterial entrapment (Figure 5) [101,102,103,104]. This peptide, naturally secreted by Paneth cells in the human gastrointestinal tract, serves to limit tissue invasion by pathogens and pathobionts in the gut [102,103]. Self-assembly of peptide monomers, driven largely by hydrophobic and aromatic interactions, leads to the formation of β-amyloid nanofibers that are ~80 nm in width [104], and merge with neighboring fibrils to form net-like structures upon interaction with external flagella and fimbrae of bacteria [105]. Stabilization of the resultant nanonets occurs after disulfide linkage of regiospecific cysteine residues to form the covalent array [101,102]. Fascinatingly, fibril morphology can be readily tuned by changing the identity of hydrophobic and aromatic residues. For example, His27Ala (H27A) and His27Trp modifications result in robust fibrillization, while Phe2Ala (F2A) and Phe29Ala mutations inhibit self-assembly and instead result in the formation of amorphous aggregates (Figure 5) [101]. Nanonets prepared from such sequences inhibit the invasion of S. enterica and L. monocytogenes gastrointestinal pathogens in vitro [101], and are cross-reactive with the pathogenic yeast C. albicans [102]. Co-culture experiments demonstrated the selective capture of S. typhimurium pathogens mixed with T84 epithelial cells by HD6, resulting in a reduction in bacterial invasion comparable to the minimally invasive InvA bacterial mutant [106]. This was confirmed in vivo with HD6 transgenic mice to find that there was a reduction in S. typhimurium numbers in internal organs where HD6 was expressed, with no change in total numbers in the intestinal lumen, confirming the entrapment propensity of HD6 to prevent invasion. The nets continue to trap the bacterial pathogens through the lumen until they can either be excreted or attacked by the host immune system.



Multiple other peptides, such as HD5 [107] of the α-defensin family and hBD1 [108] of the β-defensin family, also trap and kill pathogens such as E. coli, S. aureus, and K. pneumoniae. HD5 undergoes a proteolytic activation to generate a minimal sequence with broad and potent activity [107], while the protease-activated form of hBD1 assembles to create nanonets that are proteolytically stable and prevent microbe migration [108]. Big defensins, primordial ancestors to β-defensins that are produced in marine organisms, have also been reported to exhibit antimicrobial effects through the formation of fibrillar nanonets [109,110,111]. Conserved domains among the peptides in this class include a hydrophobic N-terminal motif that promotes amyloidogenic assembly, and a cationic C-terminal block containing three cysteine residues that collectively act to electrostatically bind pathogens and seal the net via disulfide cross-linking, respectively. Exemplifying the functional activity of these net-forming peptides is Cg-BigDef1, produced by the oyster Crassostrea gigas [109]. Cg-BigDef1 shows broad-spectrum activity towards a variety of Gram-positive and Gram-negative microbes, and notably exhibited acute growth inhibition of both drug-sensitive and multidrug-resistant strains of S. aureus (MIC = 1.25–5 μM). Mechanistic bacteriologic studies demonstrate that Cg-BigDef1 acts by forming a fibrillar net that tightly adheres to the nearby bacteria. Highlighting their clinical potential, the treatment of mammalian NCI-H292 bronchial epithelial cells with Cg-BigDef1 did not cause observable toxicity, as assayed via release of lactate dehydrogenase [109]. Similarly, ApBD1, a nano-net forming big defensin produced by the scallop Argopecten purpuratus, exhibited antimicrobial activity towards S. aureus [110,111]. Mutagenesis studies on ApBD1 demonstrated the specific importance of the conserved hydrophobic N-terminal in driving nanonet assembly of big defensins, which was profound when the C-terminal cysteine-rich domains were disrupted upon cysteine to arginine mutation not impacting structural formation [109].




2.3. Nanoribbons


The ability to tune the molecular, nanoscale, and microscopic topology of peptide-based nanostructures has advanced considerably over the last two decades. It is now well established that altering the super-secondary structural state of short, amphiphilic peptides can yield architectures that diverge from traditional fibrils, including flat and twisted nanoribbons. These 2D nanostructures can emerge independently in solution, or be triggered in the presence of anionic surfactants (e.g., SDS) [112], amphiphilic dyes (e.g., indocyanine green) [113], and Fmoc-modified amino acids [114]. While these materials often serve as platforms to study hierarchical assembly phenomena, their emergent and tunable antimicrobial properties have also recently garnered interest. GL13K for example, a peptide engineered from a human salivary protein, self-assembles to form nanoribbons (Figure 6, top) that exhibit potent antimicrobial activity at single digit μg/mL concentrations towards P. aeruginosa and E. coli [115]. Biophysical studies in model bacterial liposomal membranes demonstrate that the peptide undergoes multiple conformational changes during lipid insertion-adopting random coil in solution, α-helical at low lipid concentrations, and finally β-sheet in liposome-rich solutions [116]. These mechanisms are specific to microbial membranes, resulting in low levels of off-target hemolysis in vitro (~5%) and clinically relevant safety profiles in vivo [115]. Interestingly, D-enantiomeric GL13K sequences show a marked improvement in potency relative to their natural L-counterparts, which cannot be entirely explained by enhanced proteolytic stability. For example, Hirt and co-workers demonstrated that D-GL13K has superior efficacy compared to L-GL13K in both wild-type E. faecalis, and a protease-deficient strain of the same pathogen [117]. This suggests protease resistance is not the only mechanism favoring the D-enantiomer peptide. To test this assertion, circular dichroism and cryo-TEM experiments were performed to study the temporal changes in L- and D-GL13K structure [118]. They found that, although the higher ordered structural states were similar between the enantiomers, the rate of nanoribbon formation is accelerated for D-GL13K compared to its L- analogue (Figure 6, bottom).



Interpretation of this phenomenon requires a systematic understanding of the structure-activity relationship defining nanoribbon formation. One key parameter is the identity of terminal residues on di-phenylalanine based peptide amphiphiles, which has a profound effect on their ability to assemble into nanoribbons. Using three phenylalanine rich peptides (EFFFFE, KFFFFK, and EFFFFK) to monitor β-sheet stacking, Hu et al. found that electrostatic repulsion between termini was responsible for twisting β-sheet tapes into ribbons [72]. Conversely, electrostatic attractions of oppositely charged termini led to the lamination of β-sheets into belt like structures. Although these sequences were not tested for antimicrobial properties, the fundamental understandings obtained through the study provides design criteria for future engineered antibacterial nanoribbon assemblies.




2.4. Nanotubes


The supramolecular diversity of FF-containing peptides has also enabled the fabrication of hollow fibrils, or nanotubes, constructed through the gradual annealing of heated peptide solutions (Figure 7) [71]. When added to bacterial cultures, diphenylalanine showed antimicrobial activity as potent as 125 μg/mL against E. coli and L. monocytogenes, and 250 μg/mL toward R. radiobacter and S. epidermidis. Mechanistic studies using complementary membrane probes demonstrated that the peptide was not only able to disrupt the integrity of the outer microbial membrane, but also disrupted the inner membrane to yield complete membrane depolarization and bacterial lysis. Similar to previous investigations, FF nanotubes were found to be generally biocompatible against healthy cells and erythrocytes after an overnight incubation.



Follow up studies to elucidate the mechanism of nanotube assembly and activity against bacterial biofilms employed three FF dipeptides with modified end termini and residue chirality (NH2-FF-COOH, NH2-ff-COOH, NH2-FF-NH2, lowercase designates D-amino acids) (Figure 8) [119]. Both dipeptides with C-terminal carboxylates showed preferential activity towards S. aureus derived lipid membranes, and were capable of eliminating S. aureus biofilms at 10 mg/mL. This activity was suggested to be the result of two complementary mechanisms, where the surfactant-like dipeptide disrupts the S. aureus biofilm matrix, and the interpolation of FF into bacterial membranes leads to ion channel formation and membrane depolarization. Interestingly, the dipeptides retained their membrane disruptive potential in E. coli, but were unable to inhibit biofilm formation by this pathogen. The carboxy-terminated dipeptides were also found to be non-cytotoxic and hemocompatibile up to 10 mg/mL, while the NH2-FF-NH2 analogue resulted in 80% cell death at 2.5 mg/mL. It is suggested that the increased formal charge of the N-terminal amidated dipeptide is responsible for its cytotoxicity.




2.5. Macroscopic Fibril Gels


Peptide nanofibers can propagate in solution to form macroscopic antimicrobial hydrogels. This offers the development of injectable microbicidal materials where the fibers serve as both the scaffolding material and the antibacterial agent [120,121,122]. As a demonstration of this, the Schneider group has developed a suite of β-hairpin self-assembling antimicrobial peptides, including PEP6R [123], MAX1 [124,125,126,127], and MARG [128], composed of two arms of alternating valine and cationic residues that flank a turn-promoting tetrapeptide sequence (-VDPPT-). The hexa-arginine PEP6R peptide exhibits potent growth inhibition of various Gram-positive and Gram-negative pathogens at as little as 0.5 wt%, with minimal off-target cytotoxicity and hemolysis [123]. Mechanistic studies reveal that these gels destabilize bacterial envelopes via the formation of hydrogen bonds and salt bridges between the guanidinium groups of the peptide and phosphate-rich head of bacterial membrane lipids and glycoproteins. Structure-activity relationships using sequence analogues containing 2–8 arginines’ showed that all peptides within this family elicit potent growth inhibition of S. aureus and E. coli, with sequences containing ≥4 arginine residues showing a greater specificity for E. coli. Additionally, the elastic moduli of the materials was found to increase with greater arginine content of up to six residues. Finally, the lead peptide gelator, PEP6R, was able to completely inhibit the growth of drug-resistant P. aeruginosa at 1.5 wt%, and displayed shear-thinning and self-healing properties after syringe delivery [129], suggesting its clinical potential as an injectable tissue filler to prevent post-surgery infections. Similarly, the MAX1 peptide, which is compositionally analogous to PEP6R other than the substitution of arginine residues with lysine [126], exhibits broad spectrum activity towards the Gram-positive pathogens S. epidermidis, S. aureus, and S. pyogenes, as well as the Gram-negative microbes K. pneumoniae and E. coli, at 2 wt% [124]. Importantly, MAX1 gels were able to preferentially kill the Gram-negative pathogens Achromobacter xylosoxidans and Stenotrophomo maltophilia in a co-culture experiment with NIH 3T3 fibroblasts (Figure 9) [125], without significant off-target cytotoxicity to the mammalian cells or erythrocytes [124]. Blending these designs, the MARG1 peptide was engineered with two lysine → arginine substitutions in the parent MAX1 sequence to create a shear-thinning, injectable hydrogel with optimized mechanical properties and bactericidal efficacy against methicillin-resistant S. aureus [128].



Structure-activity studies of other β-sheet rich fibrillar hydrogels prepared from multidomain peptides (MDPs) have begun to identify the role of supramolecular assembly on the antimicrobial effects of such materials. For example, K3W(QL)6K2 was found to exhibit the most potent antimicrobial activity over other compositional analogues, including WK2(QL)6K2 and K2W(QL)6K2, due to its decreased potential for multimeric oligomerization (MIC = 20, 160, >160 μM, respectively) [87]. This reduced self-assembly propensity allowed the K3W(QL)6K2 peptide monomer to more readily interact with bacterial membranes and cause cell lysis. When formed into hydrogels, however, the opposite phenomenon was observed, where the more tightly packed nanofibers seen with WK2(QL)6K2 and K2W(QL)6K2 exhibited greater growth inhibition of S. aureus (74% and 92% inhibition, respectively, at 2 wt%) [130]. Here, greater entanglement of the fibrillar hydrogel mesh was able to more efficiently trap bacteria within the matrix to inhibit proliferation via lysine-lipid interactions. Similar lysine-dependent growth inhibition has been observed for hydrogels prepared from the amphipathic surfactant like peptide A9K2, with growth inhibition demonstrated towards S. aureus, B. subtilis, E. coli and P. aeruginosa [131].



While activity against planktonic cells is important, the inhibition of multicellular bacterial biofilms is a particularly attractive goal for clinical biomaterials. Kumar and colleagues described a series of cationic and amphiphilic self-assembling, β-sheet forming peptides (CASP) that contain 2–8 lysine residues in their sequence to form hydrogels that could inhibit the formation of P. aeruginosa biolfims [132]. These sequences tolerated up to six lysine residues, with CASP-K8 not able to form gels at 20 mg/mL concentrations, leading to the team further validating the anti-biofilm activity of CASP-K6. In other work, C-terminal addition of di-lysine or di-orntithine onto Fmoc-diphenylalanine was studied for its ability to prevent the growth of established S. aureus, S. epidermidis, P. aeruginosa, and E. coli biofilms [133]. While di-phenylalanine hydrogelators have been the most widely studied [134,135,136], other dipeptide combinations of Fmoc-FY, -YS, and -YN have been reported to form hydrogels that exhibit antimicrobial activity toward E. coli [137]. Interestingly, these tyrosine containing amphiphiles are designed to be enzymatically activated by alkaline phosphatase, found in the periplasmic space in E. coli, to potentiate their selective assembly within the pathogen cell envelope. Finally, even the minimal Fmoc-Phe [138] and Fmoc-Trp [139] gelators have been reported to exhibit antibacterial activity against S. aureus following self-assembly.





3. Combinatorial Strategies


While pure, peptide-based supramolecular antimicrobials have attracted significant attention in their own right, an equally popular strategy is to blend bioactive sequences with other bactericidal or bacteriostatic agents to develop combinatorial materials. Alternatively, the peptide itself may not elicit an antimicrobial response on its own, but rather act as an excipient to enhance the pharmacologic properties of an active agent. In this section, we collectively refer to these combinations as “hybrid co-assemblies”. Potential options for such elements once again represent a diverse collection of molecules, ranging from small molecule antibiotics to nucleic acids, and others. Importantly, while it is well established that bacteriolytic peptides can facilitate the activity of other agents, the antithetical design, in which the co-assembled agent instead facilitates activity of the peptide, must also be recognized.



3.1. AMP-Antimicrobial Hybrid Materials


While the addition of more material and drug components adds to the synthetic and toxicologic complexity, benefits of such strategies often lie in unique biochemical and bioresponsive properties afforded by the design [140]. For example, the co-delivery of peptides with antibiotics often enhances the antimicrobial activity of the small molecule inhibitor [141,142]. More importantly, resistance development is minimized by exploiting a variety of antimicrobial vulnerabilities, a strategy already used in high risk infectious diseases, such as HIV and Tuberculosis.



Incorporating supramolecular assembly into the design of these systems offers additional advantages of increasing local therapeutic potency, reducing off-target effects and avoiding rapid systemic clearance. For example, the encapsulation of antimicrobials within self-assembled peptide hydrogels enables the formulation of drug depots that sustainably release bactericidal therapies to sites of infection, which is particularly important where biofilms are a concern. Moreover, the antibacterial activity of the peptide hydrogel itself often becomes significantly more potent when paired with an encapsulated antimicrobial agent, often by destabilizing the bacterial envelope to aid in the transmembrane diffusion of the co-delivered compound [143,144,145,146]. As an exemplary application of this strategy, ciprofloxacin, a poorly water soluble antibiotic, was loaded into antimicrobial DLFF peptide hydrogels and tested against various Gram-negative pathogens (Figure 10a,b) [147]. The combination improved the therapeutic activity of the antimicrobial peptide scaffold by 1000- and 500-fold against E. coli and K. pneumoniae, respectively, while maintaining a similar hemocompatibility (0.9% hemolysis) as the unloaded control matrix. In this scenario, both components benefit from the presence of the other. A similar system encumbered aztreonam and polymyxin B within Fmoc-FF gels [148]. This synergistic system impressively resulted in a 60-fold improvement in component MIC when treated together, and a fractional inhibitory concentration (FIC) of 0.03 against P. aeruginosa (Figure 10c). A defining advantage inherent to such an approach is the simplicity with which drug can be encapsulated into the bulk injectable material [149,150,151,152,153]. In each scenario, drug stocks are simply added to the solution of peptide hydrogelator and become trapped in the biopolymeric network after assembly. A unique, yet similar, strategy conjugated a four amino acid, self-assembling motif (FFKK) to nonsteroidal anti-inflammatory drugs (NSAIDs) [154]. Interestingly, naproxen complexes provided significant bacterial inhibition over other NSAIDs, such as ibuprofen and indomethacin. The conjugated peptide sequence provides gelation, affording the drugs improved retention and selective localization.



Metal ions have also seen frequent use in the construction of supramolecular materials through non-covalent coordination with peptides to template their assembly [155]. A common approach is chelation of multivalent cationic species, such as calcium [156,157,158]. Heavy metals, however, also possess additional antimicrobial properties that have been leveraged for biomedical applications. Colloidal gold, for example, is generally bioinert towards eukaryote cells, but is toxic to prokaryotes at sizes <2 nm; encouraging the incorporation of gold-based nanotherapeutics into antimicrobial biomaterials [159,160]. In one example, gold nanodots functionalized with 1-dodecanethiol on their surface enabled the immobilization of the cyclic antimicrobial lipopeptide Glu-Leu-DLeu-Val-Asp-DLeu-Leu via nonspecific hydrophobic interactions between alkyl chains [159]. Here, 1-dodecanethiol was employed as it has been shown to induce photoluminescence following deposition upon metal nanomaterial surfaces [161,162], which affords subsequent imaging of internalization and localization without compositional alterations or chemical conjugation that may impact biological behavior of the material. This self-assembled nanodot improved the recovery and squamous healing of a methicillin-resistant S. aureus (MRSA)-infected in vivo wound model relative to free peptide, with sterilization of the wound observed 6 days after MRSA inoculation in nanodot treated animals [159].



Like gold, silver nanoparticles also exhibit strong antimicrobial effects that can be improved once incorporated into a self-assembled peptide hydrogel. Gels prepared from a napthelene-functionalized tripeptide ((Nap)Phe-Phe-Cys), and loaded with 80 µg/mL of silver nanoparticles (Figure 11a), completely inhibited MRSA growth and slowed the proliferation of A. baumannii by 24 h, while the native gel showed no antimicrobial effects [163]. These same formulations were generally well tolerated by human HeLa cells, maintaining ~90% viability at therapeutically relevant concentrations. Similar work demonstrated significant growth inhibition by silver-loaded Fmoc-amino acid gels [164]. Impressively, this work demonstrated membrane fusion and disruption in both Gram-positive and Gram-negative bacteria, regardless of the amino acid base used for gelation (Figure 11b). Sugar-functionalized polypeptide nanogels, prepared from poly(arginine-r-valine)-mannose, have employed other metal ions, such as zinc, (Zn2+), iron (Fe3+), and copper (Cu2+) to impart antimicrobial properties to the biomaterial assembly [165]. Preliminary screenings of co-assemblies formed from the mannose-conjugated scaffold and metals showed Zn2+ as the lead candidate due to antimicrobial activity, mammalian cytocompatibility and assembly proficiency (Figure 11c) [166]. Here, ~100 nm spherical particles were produced and displayed potent antimicrobial activity (MIC = 2 to 16 μg/mL, Figure 11d). Further, coordination of Zn2+ to poly(arginine-r-valine)-mannose decreased the peptide’s toxicity towards mammalian fibroblasts and hemolytic potential at concentrations 25 times higher than bacterial MICs, thus widening its therapeutic window.




3.2. Peptide-Excipient Co-Formulations


In contrast to the bioactive hybrid assemblies discussed above, many applications exploit bioinert materials to improve the formulation or pharmacologic properties on an active antimicrobial. Remarkably, nearly every class of biomaterial, from synthetic polymeric scaffolds to nucleic acid networks, have been successfully paired with bioactive peptides to augment their antimicrobial toxicity.



Perhaps the most common co-assembly involves the use of polysaccharides, such as alginate [167,168,169,170], chitosan [171,172,173], and hyaluronic acid [168,174,175,176]. Lesser known compounds have also been successfully implemented in peptidic assemblies, such as glucomannan and chitin [177,178]. Carbohydrates are popular due to their general cytocompatibility, cell sensing, stability and ease of manufacture. Additionally, many material and biochemical parameters, such as polysaccharide concentration, molecular weight, and enzyme sensitivity, can be manipulated to obtain the desired rate of cargo release [177]. Some AMPs have shown high affinity for polysaccharide excipients, affording compositionally simple yet robust materials. For example, the human defensin LL-37, a natural cathelicidin employed within leukocytic lysosomes [179], binds with high affinity to sodium alginate [169]. While minimizing the cytotoxic effects of LL-37 on MG-63 bone tissue cells, the peptide-polysaccharide system maintains the antimicrobial activity of free LL-37 (Figure 12a). Interestingly, an ideal loading of the peptide appears to maintain an optimal equilibrium of complexed and free peptide. Work by Medina and co-workers electrostatically complexed poly-L-lysine, a polycationic peptide with generally weak antimicrobial activity, to hyaluronic acid to form nano-scale hydrogels, or nanogels [176]. Here, electrostatic assembly of the particle enables various biomolecular cargo present during synthesis to be readily encapsulated within the carrier core (Figure 12b,c). This was shown utilizing vancomycin as the cargo antibiotic, leading to a 4–15 fold increase in drug activity towards a panel of Gram-positive and Gram-negative bacteria. This enhanced efficacy is thought to result from the binding of microbes to the nanogel hyaluronic acid corona, which digest the extracellular carbohydrate as a nutrient source during pathogenesis. Contact-mediated destabilization of the microbial envelope upon interaction with poly-l-lysine in the particle cooperatively enhances the diffusion of vancomycin and access to its Dalanyl-Dalanine target. In a similar fashion, nisin Z, a 34 amino acid polycyclic antimicrobial peptide produced by Lactococcus lactis, was conjugated to hyaluronic acid to facilitate supramolecular assembly of the hybrid into antibacterial gels that could be incorporated into wound dressings, contact lenses, and cosmetics formulations [180]. Uniquely, this system was shown to maintain the peptides’ bioactivity both as a solution and crosslinked hydrogel.



An alternative to carbohydrates is the complexation of peptides with nucleic acids to enable hybridization-mediated self-assembly [181,182,183,184]. Nucleic acids also offer several superior modes for material design. Principally, both DNA and RNA can be custom designed from the bottom up to provide complete control over a vast chemical library [185,186]. Such architectures are also logically and chemically analogous to a key building block of non-covalent assemblies in biology: protein–nucleic acid complexes, which define transcription factors, polymerases and more [187]. An example of such an approach produced a polyanionic DNA-linked hydrogel loaded with the cationic antimicrobial peptide L12 (LKKL)3 through charge complementation [188]. This material framework is composed of two unique DNA components—a Y-branched scaffold and L-shaped linker – that form a stable matrix upon hybridization at 95 °C (Figure 12d,f). Following electrostatic complexation with the cationic L12 peptide, a dendrimeric microparticle is created that can be tuned in size from 0.19–1.3 μm based on peptide concentration, with diameter positively correlating to peptide loading (0–320 µm). This hybrid co-assembly eliminated the cytotoxicity of L12 towards human dermal fibroblasts, while conserving its potent bactericidal activity towards methicillin-sensitive and -resistant S. aureus. Interestingly, an inverse behavior was observed for E. coli, where peptide loading into the DNA hydrogel effectively removed its activity towards this pathogen. This suggests that presentation of the AMP from the material scaffold altered its microbial specificity profile, thus representing potentially new materials-enabled approaches to improve the pathogen selectivity of therapeutics.



In contrast to the chemical versatility and serum instability of nucleic acids and carbohydrates, lipid-peptide co-assemblies represent a relative middle ground. While lipid carriers are a generally cytocompatibile platform that can be readily formulated with various biomolecular cargo [189], tailored chemical modifications and large-scale manufacture can be limited in comparison. However, a major advantage of liposomal-based drug carriers is the ability of membranolytic AMPs to intercalate into the bilayer to effectively turn ‘on’ their transition to a bioactive α-helical or β-sheet conformation [97,190,191,192]. This is in addition to the ability of liposomal particles to improve the systemic stability and circulation time of the loaded therapeutic. These advantages were leveraged by one of the original systems to adopt this strategy—a liposomal polymyxin B formulation—which played a transformative role in enabling the use of this therapeutic to combat outbreaks of Listeria [193]. Solid lipid nanoparticles have likewise been employed to deliver AMPs for wound healing and disinfection. For example, LL-37, an antimicrobial endogenous host defense peptide, and Serpin A1, an elastin inhibitor shown to improve wound healing, were co-formulated into a solid lipid nanoparticle to prevent bacterial infection of wounds and expedite closure [194]. Critically, the combination of LL-37 and Serpin A1 showed a ~20% improvement in S. aureus and E. coli growth inhibition, compared to the monotherapies, and was well tolerated by fibroblasts and keratinocytes at therapeutically relevant concentrations (cell viability >90%, Figure 13a). Sullivan and colleagues developed a combinatorial approach, in which a collagen/fibrin network was ultimately loaded with vancomycin-containing liposomes [195]. To do so, collagen mimetic peptides were hybridized to the outer surface, affording stable integration into the bulk hydrogel. As a result, liposomal and drug release from the system were drastically slowed and the antibacterial effects against S. aureus were delayed for up to 7 h after treatment. This proved to prolong the antimicrobial activity of the material in vivo, resulting in faster wound healing compared to controls and free drug (Figure 13b). Although outside the scope of this review, preparing liposomal formulations of AMPs have not been solely a novelty of infectious disease research, and have been exploited to repurpose these membranolytics into anti-tumor agents [196] and to protect agricultural crops from pathogens [197].



Finally, AMPs have also been successfully co-formulated with synthetic polymers. This approach leverages the generally weak immunogenicity of polymers to passivate the inflammatory responses often observed during preclinical use of cationic AMPs [198]. Poly(lactide-co-glycolide) (PLGA) has been widely used for such applications, and in one example has been combined with chitosan to prepare microspheres loaded with the antimicrobial decapeptide, KSL-W (KKVVFWVKFK-NH2, Figure 13c) [199]. Notably, these materials have shown antimicrobial efficacy against oral bacteria in vitro lasting over 80 days, suggesting their potential application to treat periodontitis. Polyethylene glycol (PEG) has also been used as a chemical spacer to ligate the enantiomeric AMP DCDKDRDWDWDKDWDIDRDW-NH2 to the surface of a pre-formed hydrogel to prevent biofouling by S. aureus and S. epidermis [200]. Such strategies offer a convenient means by which antimicrobial coatings can be applied to implants and medical devices, including titanium [201].





4. Peptide-Facilitated Antimicrobial Technologies


Due to their natural polymorphism, peptides can play a wide range of functional and structural roles in antimicrobial materials. Here, three exemplary applications are reviewed to demonstrate unique strategies, employing peptides to enhance, modify or direct antimicrobial response in a variety of clinical applications.



4.1. Bioresponsive Delivery


‘Smart’ biomaterials are designed to respond to pH, enzyme concentration, mechanical force and temperature, as well as a variety of other stimuli to temporally and spatially control their functional bioactivity [202,203,204]. Such materials provide unique control over cargo release in therapeutic [205] and diagnostic settings [206]. In one such example, MAX8 peptide hydrogels, originally developed for cell-delivery applications [207], were formulated with curcumin, a natural antibacterial molecule that is derived from turmeric (Figure 14a) [153,208], to sustainably release the agent as the peptide matrix is proteolytically degraded [209]. Leveraging the shear responsive nature of the MAX family peptides, these injectable and self-healing rigid materials show potential as fillers in weight-bearing joints to prevent post-surgical infections. In a separate work, a cysteine-terminated AMP (CysHHC10, H-CKRWWKWIRW-NH2) was ligated to the surface of gold nanoclusters to create a pH-responsive probe for bacterial biosensing [210]. The peptide’s primary amine groups were capped with anionic citraconyl motifs, which underwent autocleavage in acidic microenvironments, such as those found at infection sites, to re-expose the cationic side chains of the peptide to enable particle-bacteria binding (Figure 14b). Capping of the peptide amines with citraconyl also had the additional functionality of reducing degradation and clearance during systemic delivery. As a result, HHC10-Au nanoclusters showed broad spectrum activity towards E. coli, P. aeruginosa, S. aureus and S. epidermidis (MICs = 8–32 µg/mL), with minimal off-target hemolysis in vitro (<5% at therapeutic concentrations) and limited inflammation or tissue damage observed in vivo [210]. Self-assembled nanostructures templated by a WMR-derivative exhibit potent antimicrobial and, excitingly, anti-biofilm activity [211]. Here, the stability and degradation of the material in tissues could be tuned by controlling monomer concentration, ionic strength and pH; highlighting the potential to leverage the bioactive and bioresponsive nature of peptides to tailor the microenvironmentally regulated behavior of engineered materials.




4.2. Immunomodulatory Materials


In contrast to interacting directly with bacterial cells to elicit antimicrobial responses, a select class of self-assembling peptide materials have been designed to elicit antibacterial effects by interfacing with the immune system. While monomeric peptides have been reported to induce immunomodulatory effects [182,183], fibrillar assemblies of antimicrobial peptides have also attracted significant interest based on their ability to interact with immunostimulatory nucleic acids and induce immune responses through a variety of molecular pathways [212]. Complexes containing the natural sequences LL-37, buforin and melittin can operate as Toll-like receptor (TLR) agonists, for example [182,213]. LL-37 in particular has been shown to have potent regulatory activity, both inhibitory and stimulatory, towards TLR 2/3/4, and serves as a chemoattractant for inflammatory cells [42]. Importantly, interactions of these peptide scaffolds with RNA and DNA can further differentiate their mechanistic responses by activating TLR3 and TLR9, respectively (Figure 15a–c). In tangential work, conjugation of SL9, a cytotoxic T lymphocyte epitope, to the peptide EAK16-II (AEAEAKAKAEAEAKAK), and co-assembly with the TLR7/8 agonists R848, led to the production of peptide-based nanofibrillar vaccines against HIV [214]. By tailoring their affinity for the TLR family, these materials have the potential for biochemical precision against target microorganisms that can be dictated by supramolecular architecture and identity of the immune cell(s) activated.



Collier, Chong and co-workers have developed nanofibrillar peptide vaccines consisting of a modified ovalbumin epitope, known for MHC-binding and T-cell activation, and the previously validated self-assembling sequence Q11 [215,216], to trigger multiple and redundant modes of CD4+ T cell activation [217]. In this study, partial knockdown of Myeloid differentiation primary response gene 88 (MyD88), the downstream adaptor of most TLRs, did not compromise activation of CD11c+ antigen presenting cells or CD4+ T cells, suggesting the self-assembled peptide nanofiber is capable of activating complementary MyD88-dependent and MyD88-independent signaling pathways. In separate work, intranasal delivery of Q11 nanofibers containing conserved H1N1 epitopes also elicited enhanced CD8+ T cell activation [218]. This hapten-like system has also been shown to be capable of T cell-independent B cell activation [219]. Sublingual vaccination was achieved by creating a hybrid complex, with each termini of the Q11 self-assembling sequence undergoing modification (Figure 16a,b) [220]. On one termini was conjugated an ESAT-651–70 epitope, derived from an antigenic virulence factor of M. tuberculosis [221], and the other was functionalized with mPEG2000, or the entirely peptidic Pro-Ala-Ser motif, to prevent interactions with mucin and enable increased residence at the sublingual immunization site. This system produced robust antigen-specific IgG titers (102–104) in CBA/J mice one week after immunization (Figure 16c), with insignificant IFN-γ, IL-2 and IL-4 expression.




4.3. Active Targeting


Somewhat further removed from bioactivity in the context of cytotoxicity are peptides that provide active targeting for a compound or material. This is the basis of ligand-based peptide design, in which a known biochemical target is used to drive the development of novel therapeutics with high affinity [222]. The most well-known and widely utilized peptide targeting group is the RGD (Arg-Gly-Asp) motif. This tripeptide tag binds to integrins, and is therefore frequently used to target cancer cells [223,224,225]; however, this has also been applied to antimicrobial silver nanoparticles [226]. Chitin binding peptides have been shown to target fungal cell walls [227]. Such affinities allow for toxic peptides to be used at subtherapeutic concentrations as a microbial targeting motif. Simply displaying LL-37 from the surface of silica nanoparticles, for example, affords enhanced membrane localization and disruption of microbes [228]. Interestingly, the porosity of the particles dictated the dependence on co-delivery of free (unbound) LL-37. Surface charge, independent of porosity, was strongly correlated with binding efficiency, however it was noted that strongly bound LL-37 ultimately was unable to enact any bioactivity.





5. Future Directions


While work continues to discover new small molecule antibiotics, parallel efforts have begun to explore viral, protein and peptide biotherapeutics. Peptides have shown particular translational potential owing to their readily tailored design and unique mechanisms of action, ushering in an exciting intersection of biomaterials and microbiology. Table 1 below provides a summary of key examples discussed in this review.



These supramolecular peptide assemblies are often more proteolytically stable than the free monomer, elicit activity through multiple mechanisms unique from conventional therapeutics, offer increased potency, efficacy, and specificity, and provide simple methods to localize and target the desired bioactive agent. However, there remain several key barriers to the widespread clinical adoption of these technologies, including off-target cytotoxicity and poor pharmacokinetic properties. Novel methods of administering these peptide therapeutics (e.g., inhalable/oral formulations), and the incorporation of co-assembled excipients, is an active area of research to overcome these hurdles. Additional long-standing concerns with clinical translation of peptides, such as ease of screening and scalable manufacture, are being addressed through the continued development of multiplexed peptide libraries and microwave-assisted synthesis, respectively. Through such methods, chemists have made peptide therapeutics and materials viable candidates for future discovery ventures. In the coming years, interest is likely to increase as properties of physically cross-linked, bioinspired and biomimetic materials continue to be enhanced and understood. Sustained collaboration between biochemists, material scientists and infectious disease experts will determine the future viability of supramolecular peptide materials as novel weapons in the fight against drug-resistant microbes.
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Figure 1. Peptide assemblies adopt diverse supramolecular morphologies to elicit antimicrobial responses via contact-dependent bacteriolysis, delivery of small molecule antibiotics from macroscopic materials, physical entrapment of pathogens in nanonets, or binding to hosts cells to stimulate innate and adaptive immune responses. 
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Figure 2. FF8 self-assembly into nanofibers and antimicrobial activity. (a) AFM nanofiber assembly with (b) zoomed in profile of the edge both observations in a basic environment. (c) SEM of untreated E. coli with (d) zoomed in morphology micrographs. (e) SEM of E. coli treated with FF8 with (f) zoomed in morphology micrographs. Scale bars a, c, e = 1 μm and b, d, f = 200 nm. Adapted from [73] with permission from The Royal Society of Chemistry. 
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Figure 3. (Left) MDP D-W362 self-assembly into SAANs to form β-amyloid nanofibers. (Top right) Negatively stained TEM of D-W362 forming β-amyloid nanofibers and (bottom right) TEM of E. coli treated with D-W362 (c1 and c2) zoomed into bacterial membrane. Adapted with permission from [86]. Copyright 2018 American Chemical Society. 
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Figure 4. (a) TEM images of liposomes before peptide injection (yellow circles); (b) LL-37 alone; the effect of 10 μΜ LL-37 on (c) neat DMPC; (d) DMPC:DMPG (4:1); (e) DMPC:DMPG (3:2); (f) DMPC:cholesterol; (g) DOPC; and (h) DOPC:DOPG (4:1). Image adapted from [99] under the Creative Commons Attribution 4.0 International License http://creativecommons.org/licenses/by/4.0/. 
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Figure 5. TEM micrographs of wild type HD6 and synthesized amino acid mutant nanonet formations in buffer. Scale bar = 200 nm. Adapted with permission from [101]. Copyright 2014 American Chemical Society. 
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Figure 6. (Top) L-GL13K nanoribbon self-assembly schematic, SEM image of GL13K nanoribbon, and cartoon of bacterial membrane interaction (from left to right). (Bottom) Circular dichroism spectra of D-, L-, and scrambled GL13K analogues as a function of time. Reproduced from [118] with permission from The Royal Society of Chemistry. 
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Figure 7. Diphenylalanine self-assembly and antimicrobial activity. (Left) SEM image of self-assembled nanofibers. Scale bar = 10 μm. (Center) Schematic of proposed antimicrobial mechanism via membrane disruption and permeation. (Right) SEM of E. coli treated with GG (control) or FF nanotubes. Arrows mark altered membrane morphology caused by nanotube interactions. Scale bar = 1 μm. Image adapted from [71] under the Creative Commons Attribution 4.0 International License http://creativecommons.org/licenses/by/4.0/. 
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Figure 8. SEM of NH2-FF-COOH (a) nanotube self-assembly and (b) S. aureus treated with 2.5 mg/mL peptide. Adapted from [119] with permission from Elsevier. 
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Figure 9. MAX1 hydrogelation mechanism and targeted antibacterial activity in co-culture. Adapted with permission from [124]. Copyright 2007 American Chemical Society. 
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Figure 10. (a) DLFF hydrogel loaded with ciprofloxacin (CIP). (b) Zone of inhibition experiments demonstrating enhanced antimicrobial activity of CIP-loaded gels (CIP), relative to unloaded gels (control) against multiple bacterial species. Adapted from [147] with permission from Elsevier. (c) Mechanistic schematic demonstrating synergistic activity of co-delivered aztreonam and Fmoc-FF. Adapted from [148] with permission from The Royal Society of Chemistry. 
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Figure 11. (a) SEM images of silver nanoparticles entangled within a napthelene-functionalized tripeptide hydrogel network. Adapted from [163] with permission from The Royal Society of Chemistry. (b) Demonstration of membrane fusion (red arrows), clumping (yellow), and disintegration (blue) of various peptide-silver nanoparticle complexes. Image adapted from [164] under the Creative Commons Attribution 4.0 International License http://creativecommons.org/licenses/by/4.0/. (c) High-resolution TEM images of zinc-coordinated poly peptide nanogels (PNGs). (d) Confocal microscopy of PNG (red)-treated E. coli cells (green). Adapted with permission from [165]. Copyright 2019 American Chemical Society. 
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Figure 12. (a) Cytocompatibility of LL-37 and LL-37-carbohydrate complexes against human bone cells. Adapted from [169] with permission from Elsevier. (b) Solution turbidity of nanogels formed by electrostatic complexation by hyaluronic acid (HA) and poly-L-lysine (PLL). (c) SEM images of HA-PLL nanogels in water (left) and following swelling in physiologic medium (right). Scale bar = 500 nm. Adapted from [176] with permission from Elsevier. (d) Schematic detailing of Y-scaffolds and peptide loading strategy in antimicrobial hydrogels. (e) Confocal microscopy showing localization of nucleic acid matrix and encapsulated peptide. (f) SEM image of DNA-peptide matrix. Adapted from [188] with permission from Elsevier. 
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Figure 13. (a) Antibacterial activity of LL-37 and Serpin A1 towards S. aureus and E. coli enhanced by incorporation within a lipid carrier. Adapted with permission from [194]. Copyright 2016 American Chemical Society. (b) Enhanced in vivo antimicrobial activity of liposomal-vancomycin formulations encapsulated within a macroscopic collagen/fibrin gel (CMP). Reprinted from [195] with permission from Elsevier. (c) Schematic (top), SEM (middle), and fluorescence (bottom) images of composite microsphere scaffolds loaded with the antimicrobial peptide KSL-W. Image adapted from [199] under the Creative Commons Attribution 4.0 International License http://creativecommons.org/licenses/by/4.0/. 
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Figure 14. (a) Macroscopic (left) and TEM image (right) of a curcumin loaded MAX8 gel. Reprinted from [153] with permission from Elsevier. (b) Schematic image of site-specific cleavage of antimicrobial peptides from the gold nanocluster in acidic infection sites for targeted, bioresponsive activity. Reprinted with permission from [210]. Copyright 2019 American Chemical Society. 
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Figure 15. Nucleic acid helices complexed with (a) melittin and (b) LL-37. Peptide helices are shown in green (N to C polarity) or teal (C to N polarity), with dsDNA shown in red. (c) Induction of type 1 interferon production through TLR9-dependent mechanisms, highlighting the immunomodulatory capabilities of LL37-nucleic acid complexes. Image adapted from [213] under the Creative Commons Attribution 4.0 International License http://creativecommons.org/licenses/by/4.0/. 
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Figure 16. (a) Schematic demonstrating functionalized Q11 assembly. The Q11 backbone (navy) self assembles into a β-sheet fiber in ionic solutions. Immunogenic epitopes (red) and PEG motifs (purple) are functionalized to the peptide termini. (b) TEM image of self-assembled Q11 fibers conjugated with an ovalbumin epitope, OVA323–339. (c) Murine model IgG quantification demonstrating successful sublingual immunization against M. tuberculosis with PEG-Q11-ESAT conglomerate. Adapted from [220] with permission from Elsevier. 
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Table 1. Summary of select peptide assemblies highlighted in this review.
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	Name (Sequence)
	Morphology
	Mechanism
	Bioactive Conc.
	Ref.





	FF8 (KRRFFRRK)
	β-Amyloid fibril
	Bacteriolysis
	25.6 μM
	[73]



	MAD1 (KRWHWWRRHWVVW-NH2)
	β-Amyloid fibril
	Bacteriolysis
	2.5 μM
	[74]



	zp3 (GIIAGIIIKIKK-NH2)
	Non β-Amyloid fibril
	Bacteriolysis
	8 μM
	[94]



	Cg-BigDef1 (GenBank: AEE92768.1)
	Nanofibrillar net
	Entrapment
	0.3 μM
	[109]



	GL13K (GKIIKLKASLKLL-NH2)
	Nanoribbon
	Non-lytic/unknown
	5 μg/mL
	[115]



	Diphenylalanine (FF)
	Nanotube
	Permeation/

depolarization
	125 μg/mL
	[71]



	MARG1

(VKVKVRVKVDPPTKVKVRVKV-NH2)
	Macroscopic gel
	Electrostatic disruption
	2 wt%
	[128]



	Peptide
	Co-Assembled Agent
	Mechanism
	Bioactive Response
	Ref.



	DLeu–Phe–Phe
	Ciprofloxacin
	Combinatorial synergy
	500–1000 fold enhanced toxicity
	[148]



	Poly(arginine-r-valine)-mannose
	Zn2+
	Combinatorial synergy
	Conserved bacterial toxicity. Reduced toxicity
	[165]



	LL-37
	Alginate
	Enhanced delivery
	Enhanced selectivity index. Prolonged release kinetics
	[169]



	L12
	DNA scaffold and linker
	Enhanced delivery
	Induced selectivity
	[188]



	Collagen mimetic
	Loaded liposome

Collagen/fibrin
	Enhanced delivery and retention
	Improved in vivo efficacy
	[195]



	CysHHC10
	Au nanoclusters
	Autocleavable motif
	pH responsive bioactivity. Minimized off target effects
	[210]











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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