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Summary 
The Bacterial cell envelope, especially for Gram-negatives, serves as a major defense mechanism 

against antibiotics. It is composed of lipopolysaccharides, lipid bilayer, periplasm, and another 

lipid bilayer, which combine to restrict most molecules to reach their intracellular targets by 

diffusion. Such restriction represents a bottleneck for the antibiotics pipeline.  

Cationic dynamic polymers allow interactions with the LPS layer. My studies reveal that ArgBD, 

an arginine-based biopolymer, interacts specifically with the lipid A component of the LPS, 

creating gaps in the existing LPS barrier. Resultingly, ArgBD can potentiate colistin 32-fold by 

accessibility to the lipid bilayer in a novel mechanism.  

In order to further improve this effect of ArgBD alone, it was conjugated to the cell-penetrating 

peptide HIV-1 TAT to additionally interact with the lipid bilayers of the bacterial envelope. This 

covalent conjugate, TAT-ArgBD, could indeed improve bacterial killing with a membranolytic 

index of >64 and less hemolytic toxicity than colistin at the same xMIC. When combing TAT-

ArgBD with various antibiotics, namely novobiocin, chloramphenicol, and imipenem, an up to 

256-fold synergy was observed. Interestingly enough, the activity of novobiocin, which is 

notoriously restricted to Gram-positive bacteria, could also be expanded to include Gram-

negatives. 
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Zusammenfassung 

Die bakterielle Zellhülle, insbesondere bei Gram-negativen Bakterien, dient als wichtiger 

Abwehrmechanismus gegen Antibiotika. Sie besteht aus Lipopolysacchariden, einer 

Lipiddoppelschicht, dem Periplasma und einer weiteren Lipiddoppelschicht, die zusammen 

verhindern, dass die meisten Moleküle per Diffusion ihre intrazellulären Zielstrukturen erreichen. 

Diese Barriere stellt einen Flaschenhals für die Entwicklung neuer Antibiotika dar. 

Kationische, dynamische Polymere ermöglichen Interaktionen mit der LPS-Schicht. Meine 

Studien zeigen, dass ArgBD, ein argininbasiertes Biopolymer, spezifisch mit der Lipid-A-

Komponente der LPS interagiert und dabei Lücken in der bestehenden LPS-Barriere erzeugt. 

Folglich kann ArgBD Colistin durch einen neuartigen Mechanismus um den Faktor 32 verstärken, 

indem es den Zugang zur Lipiddoppelschicht ermöglicht. 

Um diesen Effekt von ArgBD weiter zu verbessern, wurde es an das zellpenetrierende Peptid HIV-

1 TAT konjugiert, um zusätzlich mit den Lipiddoppelschichten der bakteriellen Hülle zu 

interagieren. Dieses kovalente Konjugat, TAT-ArgBD, verbesserte tatsächlich die bakterizide 

Wirkung mit einem membranolytischen Index von > 64 und geringeren hämolytischen Toxizitäten 

als Colistin bei gleichem Vielfachen der minimalen Hemmkonzentration. Bei Kombination von 

TAT-ArgBD mit verschiedenen Antibiotika—namentlich Novobiocin, Chloramphenicol und 

Imipenem—wurde eine Synergie von bis zu 256-fach beobachtet. Interessanterweise konnte durch 

diese Kombination auch die Aktivität von Novobiocin, das üblicherweise nur gegen Gram-positive 

Bakterien wirkt, auf Gram-negative ausgeweitet werden. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

Abbreviations 
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1. Background and Significance  

1.1 The Bacterial Cell Envelope as a Biological Barrier  

Before diving into antimicrobial resistance (AMR), it is essential to outline the fundamental 

structural differences in bacterial cell envelopes, which determine how molecules can be taken up 

or excluded. In case of comparing gram-negative bacterial cell envelope to the Gram-positive one, 

as shown in Figure 1, the relative complexity of Gram-negatives cell envelope can be noticed as it 

consists of (from inside to outside): a lipid bilayer (inner membrane), a thin periplasm consisting 

of  peptidoglycan, another lipid bilayer (inner leaflet of the outer membrane), then a unique LPS 

layer (outer leaflet of the outer membrane) consisting of lipid A and sugar moieties. Therefore, it 

is a complex barrier with alternating hydrophilic and hydrophobic elements, leading to the 

prevention of passive unfacilitated uptake of most molecules into the intracellular compartment of 

the bacteria, except for very small molecules like gas molecules, waters, salts. On the other hand, 

Gram-positives have a thick peptidoglycan layer with embedded Teichoic and Lipoteichoic acids 

on top of a lipid bilayer. While the Gram-positive cell envelope is less complex and resistant than 

the Gram-negative one, it is still a major hurdle for the passive uptake of many molecules. 

Taking P. aeruginosa as an example, only four classes out of many antibiotic classes can go into 

the intracellular compartments or periplasm and reach their targets, namely Aminoglycosides, 

Fluoroquinolones, carbapenems, and ß-lactams. Given enough time and antibiotics misuse, 

bacteria can indeed turn off its uptake machineries which constitutes a non-sustainable solution.   

[1] On the other hand, an older class of antibiotics, namely polymyxin, can target the bacterial 

membrane itself so it does not have the prerequisite of penetrating the bacterial cell envelope to 

reach its target and become active. However, some steric hinderance can happen due to the LPS 

sugar moieties. This could be taken as an advantage, but it is challenging to keep a molecule 100% 

selective towards bacterial membranes and not mammalian membranes, hence, resulting in some 

toxicity as evidenced in the case of Polymyxins.[2] Hence, the highly organized bacterial cell 

envelope, especially in Gram-negatives, forms a key barrier restricting antibiotic uptake.  

 

 

Figure 1: Bacterial cell envelope of (a) Gram-negative bacteria, and (b) Gram-positive bacteria. Figure created with 
Biorender ® 
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1.2 Antimicrobial Resistance 

Antimicrobial Resistance (AMR) is one of the major challenges for human health and will form a 

threat to the global health system, if not addressed sufficiently. AMR is represented in the form of 

the ability of an organism to a certain treatment which aims to eliminate the infection. Bacteria are 

among the most adept organisms at developing resistance to antibiotics. AMR is foreseen to 

increase the number of deaths from ~700,000 per year to ~10 million by 2050, which would bring 

AMR to the become the leading cause of death, if no action was taken beforehand to prevent this 

scenario. [3] 

Definition and Mechanisms 

As there is bioavailability of drugs in humans, the concept of bacterial bioavailability has been 

raised in bacteria, where three processes take place in parallel (uptake, efflux, and bacterial 

metabolism). [4] The resultant of the three processes gives the so-called bacterial accumulation. 

Resistance of the administered drugs, regardless of the processes of the human body, can be caused 

by limited uptake, increase of efflux, or increase of bacterial drug metabolism. On the molecular 

level, there are numerous ways by which a bacterium can become resistant to antibiotics, as 

depicted in Figure 2. The amount of uptake is limited by the continuous evaluation of bacteria, as 

a rapidly evolving prokaryote, towards having an excellent and advanced cell envelope barrier, 

especially for Gram-negative bacteria, or down-regulation of porins. An increase in efflux can be 

seen by the overexpression of efflux pumps. While intracellularly taken up, antibiotics can be 

metabolized. Another possibility is that the antibiotic target can be modified by the bacteria, 

protected by another molecule, or bypassed by a new protein. [5] 

 

Figure 2: Various resistance mechanism of bacteria including intracellular mechanism as well as uptake and efflux 
mechanism. Figure reprinted with permission.[5] 
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History of Occurrence and Inherent Problem 

In the beginning of the last century, the discovery of antibiotics was booming. Thanks to 

serendipity, the age of antibiotics started, which was later pushed by rational drug design so that 

the pace of antibiotics discovery was picking up with the new challenge of microbes. 

Unfortunately, as shown in Figure 3, it was not long until AMR hit every single new antibiotic 

discovered only in the matter of a few years. Novel classes of antibiotics against critical priority 

pathogens have been slowing in the past 30 years leading to an innovation gap and MDR 

infections. Rate limiting steps of discovery of novel class of antibiotics can be summarized as the 

limitation of the chemical scaffolds which can overcome bacterial barriers and the choice of targets 

which are not easily mutating and hence resistance can easily arise in community settings later. [1] 

In a frankly depressing example, GSK initiated a screening initiative to target 67 essential genes 

with a huge compounds’ library comprising of up to 530,000 compounds, only to have 16 hits. 

Out of these 16 hits, 5 leads could be achieved, while no chemical modifications could generate 

proper leads for the remaining 11 hits, where the selectivity towards bacterial enzymes was 10x 

those of the mammalian ones. To our knowledge, this program led nowhere later on, and the 

project was dropped accordingly. Hence, one can conclude that it is extremely difficult to find 

targets in bacteria which can be targeted away from their mammalian versions. [6] 

Current Situation in terms of Drug Development  

There is a long list of reasons for the propagation of AMR. One of the top reasons is that large 

pharmaceutical companies have widely abandoned antibiotic research in favor of other therapeutic 

areas. A typical infection takes an antibiotic course for 3–5 days, while in case of cardiology 

pathologies, for example, one gets a life-time treatment course. Even in the infection case, the 

patient gets started on the first-line option which is usually an older drug with expired IP and 

generic alternatives, not the recently approved drug this year or a few years ago. This discourages 

big pharma to refrain from engaging extensively in research for novel antibiotics due to economic 

Figure 3: Example durations from the start of the commercialization to the first report of resistance against this class of 
antibiotics. Left pointing arrows means that resistance report was before commercialization and vice versa. [17,61] 
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reasons.[7] While some charitable initiatives are ongoing towards a more sustainable development 

of antibiotics, this funding might not itself be sustainable or enough as a sole solution. Some 

suggestions arise calling for the so-called Netflix model. In a Netflix model, companies are getting 

paid a subscription by health providers for the supply of antibiotics regardless of whether the novel 

antibiotics were to be used or the conventional ones. Such a model has been adapted by the NHS 

in UK.[8,9] Additionally, government-academia-industry partnerships have raised like GARDP 

allowing for facilitated communication and funding securing for early development of lead 

compounds. Additionally, the absence of antibiotics stewardship in some regions, natural 

occurrence as well as cattle exposure to antibiotics also plays a role to propagate the antimicrobial 

resistance.[1] 

According to the 2024 WHO priority pathogens list, it is clear that Gram-negative bacteria are 

dominating the list of the most resistant bacteria, not necessarily due to limited uptake of the 

antibiotics into the bacteria, but due to the extreme difficulty of finding novel antibiotics which 

fulfill both human drugs criteria like Lipinski's rule of five and bacterial uptake criteria like eNTRy 

rules for Gram-negatives, while still keeping the correct SAR of the molecule to bind to and act 

on its target. [10,11] 

The difference between a class derivative and a novel class of antibiotics has to be drawn before 

moving to the next part. Unfortunately, a moiety change of the scaffold aiming to better PK profile 

or improvement of the efficacy does not imply that the new molecule will overcome the existing 

resistance against the former molecule, which both probably use the very same uptake mechanisms 

and target. Hence, a huge importance is given to novel chemical scaffolds representing novel class 

against new targets in bacteria, in contrast to the widespread “me-too” marketing approach by 

companies to have a share in the market.[12] 

Special emphasis should be given to products which represent a novel class of antibiotics due to 

cross-resistance among the same class. The WHO antibacterial observatory, which tracks ongoing 

trials in the antibiotics field, shows interesting state-of-the-art nowadays, as shown in Figure 5. 

[13] In total, there are 97 antibacterial products which are in clinical trials or pre-registration phase, 

with 16 products in phase III and 4 in the pre-registration phase, which looks for the first glance 

as promising. Out of these 97 products, only 26 products happen to be a novel class with some 

innovation. Then the number of products falls to a mere 3 products in phase III and one in pre-

registration. Going further, out of these 26 products, only 6 products are active against A. 

baumannii, P. aeruginosa, or carbapenem-resistant Enterobacterales, which are the really stubborn 

pathogens. These 6 products have only one representative in phase II and only one in pre-

registration. [13] Depressing enough, FDA has rejected the NDA for the pre-registration product. 

[14] This leaves only one phase II product as the best promising option against these pathogens, 

namely inhaled Murepavadin, developed by Spexisbio. Murepavadin is a peptidomimetic 

antibacterial targeting the outer membrane cell envelope of Gram-negatives, which is relevant to 

the research presented in this thesis as well as bypasses the prerequisite of bacterial uptake into the 

bacteria. [15] 
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The current antibiotics pipeline looks quite pessimistic, if combined with the clinical trials success 

rates fact figures. As shown in Figure 6, the chance that antibiotic proceeds from one phase to the 

next one is quite low, which threatens companies by the loss of revenue and investments in this 

case, lowering their appetite for antibiotics research. A combined chance of a drug to proceed from 

phase I to approval is around 11.8%. Given the fact that only four products in phase I and one 

product in phase II exist for hard-to-treat pathogens and represent novel class, there is a near 50% 

chance that no new antibiotic will ever exist from the current pipeline in clinical trials and that the 

world will have to wait for at least ten years until a new product is developed and proceeds through 

all clinical trials and get approved. By that time, it could have been already too late for the global 

healthcare system, especially due to the increasing rate of MDR case reports. [16] 

Forecast and Next Steps 

Figure 4: Portion of antibacterial products in different clinical phases, where in (a) all products are displayed, while in (b) 
only innovative products having no cross resistance to existing antibiotics, new scaffold, new target, and new mode of 
action are displayed, finally in (c) only innovative products which have antibacterial activity against A. baumannii, P. 
aeruginosa, or Carbapenem-resistant Enterobacterales. [13] 

 

Figure 5: Chance of a potential drug to proceed to the next clinical trial phase. [16] Created with Biorender ®  
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It is noticeable that new antibacterial agents face a high failure rate in clinical trials. The reasons 

for this failure could be summarized, as shown in Figure 4. The top reason for the clinical trials 

failure is toxicity and inferiority to existing treatments, accounting for around half of the failures 

for a known reason. While this is also probable in other drugs, not related to infectious diseases, 

two other reasons are much more evident in especially infectious diseases treatments. These two 

reasons, as shown in the exploded portions in Figure 4, are resistance and commercial reasons. In 

the context discussed earlier, these two over-represented reasons are justifiable and 

understandable. In the case of resistance, bacteria can develop resistance against treatments in 

many ways as discussed already. As for the commercial reasons, they are due to the special short-

term nature of infections and the existence of good, but not for long, treatment options. Special 

efforts have to be made to address these two reasons which are over-represented in infectious 

diseases. The rest of the reasons are normal and exist in other pathologies as well and can be 

addressed in an overall drug discovery improvement process by big pharma. [17] 

 

 At the end of this chapter, we see that Gram-negative bacteria are especially problematic, both 

intrinsically (due to their complex outer membrane) and in the context of limited new antibiotics 

that fulfill all the required criteria. Hence, the envelope itself can be considered a possible target 

or barrier to overcome, which leads directly into the next chapter that discusses strategies to cope 

with the bacterial cell envelope as a biological barrier.  

 

 

 

 

Figure 6: Reasons for termination of antibiotics development (31 March 2017). [16]. Terminations due to an unknown 
reason were excluded. Exploded portions represent reasons over-represented in antibiotics drug development. [62] 
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1.2 Strategies to Cope with the Bacterial Cell Envelope for Anti-Infective Drug Delivery 

Parts of this chapter have been adapted from a previously published paper.[4] Reprinted in  section 

9.1 of this thesis. 

Naturally Occurring Options for Transport 

The problem with the bacterial cell envelope is that it prevents many potentially antimicrobial 

agents from reaching their intracellular targets. However, embedded proteins in the membrane can 

help regulate the transport of molecules to achieve intracellular delivery of antibacterials. 

Unfortunately, these channel proteins require meeting very specific physiochemical 

criteria.[18,19] 

The simplest way to get through the bacterial cell envelope is by simple passive diffusion where 

only small neutral molecules, such as water, amino acids, and gases, can diffuse through the LPS 

layer, lipids, and peptidoglycan freely. For larger and more complex molecules, this route is nearly 

impossible due to the layered and chemically distinct composition of the Gram-negative bacteria. 

[19] 

Some bacterial outer-membrane proteins form channels which can enable the passage of molecules 

without the need for ATP. This facilitated passive diffusion relies on the concentration gradient. 

Yet, mutations or downregulation of these channels are frequently observed in P. aeruginosa, A. 

baumannii, and K. pneumoniae as a resistance mechanism. [20] Some examples of these channels 

include porins, LamB, Tsx, FadL, and CymA, which respectively facilitate hydrophilic molecules, 

maltose, nucleotides, fatty acids, and cyclodextrin. These molecules are key substrates for bacterial 

growth, but not all antibiotics meet these narrow requirements. [21–24] 

On the other hand, ATP- or proton gradient-dependent channels exist in bacteria as well. One 

prominent example is the TonB-dependent transporter, which can move siderophores into the 

bacteria. The process starts by the binding of a ligand to a receptor, such as ferrichrome binding to 

FhuA), then TonB utilizes cellular energy to mediate transport across both lipid membranes and 

the periplasm to reach the cytoplasm of the bacteria. These active channels have the advantages of 

being able to transport exceptionally large molecules as well as exhibiting high affinity to the 

ligand enabling transport against the concentration gradient. This makes TonB-dependent 

transporters a good target for “Torjan Horse” drug strategies. [25]  

Ultimately, only molecules with suitable physiochemical and structural properties can reliably 

exploit these natural pathways. Many potential antibiotics simply do not meet these stringent 

requirements. Therefore, additional measures are needed to enhance uptake or circumvent the 

outer membrane barrier. 

Transport-Enabling Strategies 

The “Trojan Horse” strategy aims to conjugate a drug to a carrier which can be actively imported 

into the bacteria, where the drug may then be cleaved intracellularly and released inside the 

bacteria acting on its target at higher intracellular concentrations. Consequently, antibiotic-

siderophores conjugates, such as cefiderocol, have been highlighted recently. [26,27] 

Nevertheless, bacterial adaptation or downregulation of the targeted transporters may still occur. 
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A contrasting approach, however, is to attack the bacterial membrane itself. The distinction must 

be made here between the demolishment strategy and the permeabilization strategy. In the 

demolishment, antibacterial agents work by demolishing the bacterial cell envelope leading to the 

leakage of intracellular contents and bacterial killing. While in the permeabilization, the bacterial 

cell envelope is mildly disrupted leading to the free diffusion of some agents in the extracellular 

space into the bacteria, acting on their targets leading to bacterial killing. The former can be fast 

and highly bactericidal but risks toxicity; the latter can synergize with otherwise membrane-

impermeable antibiotics.[11,28,29] Membrane-disrupting agents can act on the bacterial cell 

envelope by a variety of mechanism, which include detergent-like effect, forming α-helical 

conformations in the lipid layer, production of reactive oxygen species, metal complexation in the 

bacterial membrane.[29–32] However, maintaining specificity towards bacterial membranes is an 

ongoing challenge, causing toxicity towards mammalian cells as well. [33,34] 

Permeabilizing agents can open transient pores in the bacterial cell envelope, where such pores 

were shown lower antibiotics MIC by up to 128 folds. This can potentially transform antibiotics 

against Gram-positives into broad spectrum antibiotics, in case that the bacterial cell envelope is 

the limiting factor for their activity in Gram-negatives.[35] Permeabilization thus preserves 

synergy with existing agents but requires precise bacterial selectivity to avoid side effects. 

Another strategy is triggered drug delivery due to the infection itself, such as acidic pH or bacteria-

secreted enzymes. The acidic pH in the infection environment can affect the pH-responsive 

materials leading to them acquiring a positive charge, which leads to instability and release of the 

loaded antibiotic into the vicinity of the infection.[36] Another example is the siderophore-drug 

conjugate with esterase-sensitive linker. The linker is liable to the esterase secreted in infections, 

leading to the release of the drug only in the infections as well as siderophore selectively carrying 

the molecule into the bacteria.[37]  

In many cases, the most successful formulations combine several of these strategies to achieve 

high selectivity toward the infected site while minimizing systemic exposure. Moreover, formerly 

ineffective or abandoned antibiotics may be repurposed when paired with an appropriate transport-

enhancing or membrane-perturbing approach. 

 

1.3 Polymers and their Peptide Conjugates to Potentiate Antimicrobial Activity 

Some polymers have intrinsic antibacterial activity which can be utilized as coatings to materials 

for implants, for example, or in-solution antibacterials against several pathogens. Most of the 

antibacterial polymers used have cationic character, mainly made of amines. The cationic character 

can then interact with the anionic character of the bacterial cell envelope leading to bacterial 

killing. This cationic character can also be utilized in the coating process of some materials which 

are anionic in nature by ionic attraction or by covalent binding them. Coating these materials will 

then protect them from bacterial growth and biofilm formation. [38] 

Applying a simple modification to a polymer (poly(isobutylene-alt-N-(N1,N1-

dimethylaminopropyl)maleimide)) by conjugating one amino acid yield interesting results in 

literature. The best antimicrobial activity was achieved with valine, leucine, and isoleucine, which 
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happen to be all hydrophobic. The addition of some hydrophobicity had the best activity, while 

anionic amino acids had the worst activity, probably due to the repulsion with the bacterial cell 

envelope. This highlights the potential of antimicrobial polymers in engineering, medicine, and 

the food industry upon simple modification and blending with other materials to avoid microbial 

growth. [39] 

Moving to AMPs, they are also active partially due to their cationic charge, which interacts with 

the anionic bacterial cell envelope. Other than the charge, there is more available modifications 

and properties which can influence their antibacterial activity. One of the major reasons for that is 

the secondary structure. On one hand, ß-sheet forming peptides were found to be more resistant to 

proteolysis, especially when stabilized by a disulfide bridge. It was also noticed with ß-sheet 

forming peptides that the increased amphiphilicity has increased potency against bacteria, 

probably to the better interaction with the bacterial interface with the extracellular aqueous 

environment. On the other hand, having α-helical structures can actually have better binding and 

interactions to the bacterial membrane by comparing two peptides with the same sequence but 

scrambled in a different order, specifically α-helix ((KIAGKIA)3-NH2) vs β-sheet ((KIGAKI)3-

NH2). As α-helical almost always needs some hydrophobic residues in their structure to be potent, 

it is thought that some embedding of the peptide into the lipids is likely. [40] 

As a strategy to ruin the helicity of peptides, some L-amino acids residues can be replaced with 

the D-amino acids leading to decreased helicity, thus, less potency against bacteria. However, 

interestingly enough, also the hemolysis character also decreased, leading to an overall better 

membranolytic selectivity index, which is the ratio between the concentration which can lyse 

RBCs and the concentration which can destroy bacterial membrane. As a learnt lesson from the 

cited example, it is always important to keep an eye on the selectivity index whilst trying to 

improve the antibacterial potency. [41] 

To solve this riddle, a study developed peptoids which have varying flexibility and helicity. In this 

study, peptoids 1 had the more helicity in aqueous solution and good helicity in bacterial envelope 

mimicking environment, while peptoid 16 showed decreased helicity in aqueous solution and 

bacterial envelope mimicking environment, and peptoid 17 showed decreased helicity in aqueous 

solution and increased bacterial envelope mimicking environment. Peptoid 1 had the best potency 

against bacteria, followed by peptoid 17, then peptoid 16. Most importantly, peptoid 17 had the 

best membranolytic selectivity towards bacteria. What can be concluded in this regard, the solution 

for the riddle of selectivity towards bacteria is having pronounced helicity structure only with the 

bacterial membrane, but not aqueous solutions. This reflects that peptides or peptoids need to be 

thermodynamically preferring to change their shape into a more suitable one with the bacterial 

envelope. [42] 

Hydrophobicity was also observed to have some effect on the antibacterial activity. Due to the 

necessity of some hydrophobic interactions with the lipids of the bacterial cell envelope, the choice 

of hydrophobic residues in a peptide is important. For instance, the aromatic phenylalanine was 

found to improve the activity against bacteria whilst other non-aromatic residues leucine, valine, 

and isoleucine were found to be inferior. [43] Meanwhile amphiphilicity has influence on 

antibacterial activity, however, it is not a consistent influence towards better or worse antibacterial 
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activity, but rather a very certain arrangement of the hydrophobic residues is needed and not just 

viewing amphiphilicity as a molecular descriptor that needs to be increased or decreased. [44] 

Two of the biggest challenges for peptides are the high salts and protein content in vivo, leading 

to loss of activity. In work by Tam et al, AMP linear constructs were synthesized with different 

multimericities ranging from 1 to 8. For the monomer and the dimer, activity was observed in low 

salt conditions, but it was not late until this activity was lost in high salt conditions. However, only 

the tetramer and octamer were able to preserve their activity in low as well as high salt conditions, 

in addition to having better activity than the monomer and the dimer. Also, the tetramer could 

retain 80% of its activity even after 24 hours, while the linear repeats (not connected to a common 

backbone or core) of the same peptides could only retain 20% of its activity. [45] 

So, to conclude what features are needed for a successful membrane-active antibacterial peptide, 

it needs to be cationic, less α-helical in water, more α-helical in bacterial environments, having 

some aromatic residues, and have a certain arrangement of the hydrophobic residues within the 

chain of the peptide, and having 17–19 residues.  

A recent focus has been drawn to peptides conjugated to polymers. Peptides in this case are 

antimicrobial peptides, and sometimes referred to as cell-penetrating peptides, are conjugated in a 

multivalent manner. This allows each peptide moiety to interact independently with the bacterial 

cell envelope simultaneously in the same proximity on the bacterial cell envelope as they are 

connected to the same backbone, as well as displaying more resistance to proteolysis. These 

multimeric interactions are then combined, so their potency is exponentially elevated. [44] 

As one example to multimeric peptide conjugates to a natural polymer, the AMP, anoplin, which 

is a decapeptide isolated from the venom of wasps, was conjugated to chitosan. To get got 

conjugation rate close to 100%, Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) 

chemistry was used through the 2-azidoacetyl groups on chitosan. The chitosan was modified to 

yield an azide-containing chitosan was a range of conversion of 5%, 15%, and 24%. The CuAAC 

was then conducted with anoplin peptide to yield 12–40 repeats of the peptide per chitosan chain 

and a conversion rate close to 100%. The best MIC achieved was 18 µg/mL worth of peptide in P. 

aeruginosa conjugated to chitosan, compared to 512 µg/mL in the case of free anoplin peptide, 

representing a 28.4-fold improvement in the case of 12 peptide repeats per chitosan chain. In terms 

of membranolytic selectivity index (Bacteria to RBCs), the selectivity was improved from 8 to 

>100 leading to a safe product in terms of hemolysis. [46] It can be concluded that CuAAC is a 

very good option for conjugating peptides to backbones with high efficiencies and multimeric 

peptide polymer conjugates represent a viable option to improve AMP activity and selectivity. 

Looking at the benefits of multimeric peptide polymer conjugates in terms of antimicrobial 

potency as well as selectivity, another aspect which is the choice of a peptide, which has a 

secondary structure. Combining these aspects together yielded even better results. Chan et al 

utilized dextran as a backbone and conjugated it to many peptides. The MIC of the free peptide 

was compared to the conjugated construct yielding fold increase of potency in the following order 

WLBU2, Lactoferrin, LL-37, Pexiganan, PR-26, S413-PV, Buforin 2, 4D-K5L7. Accordingly, it 

was noted that WLBU2, being a naturally α-helical cationic peptide, could benefit the most in 



11 
 

terms of potency from multimericity. Another aspect is the utilization of such conjugate as 

antibiotics potentiator. Normal, poorly soluble, as well as Gram-positives’ antibiotics could be 

potentiated by up to 4096 folds in the presence of 0.5 xMIC of WLBU2-dextran conjugate, namely 

WD40 with PA14 strain. Additionally, WD40 could re-sensitize MDR strains as well as broaden 

the spectrum of some Gram-positive antibiotics to include Gram-negatives as well. [47] 

 

1.4 Biodynamers as Dynamically Bio-responsive Polymers and their Potential to Interact 

with Biological Membranes  

Polymers may consist of irreversible bonds or may as well consist of reversible bonds between 

their monomeric entities. Reversible bonds can be responsive due to a number of factors depending 

on the nature of the dynamic polymers (dynamers) and external conditions, such as pH. These mild 

conditions which can influence covalent bonds fall under the umbrella of constitutional dynamic 

chemistry, where conditions can influence the polymer on the supramolecular level to impact non-

covalent interactions. On the other hand, the reversible covalent bonds of the dynamers can as well 

be impacted by the very same conditions in parallel, leading to the emergence of a species known 

as doubly dynamic polymers. Since dynamers have the ability to assemble and disassemble, 

depending on the thermodynamically favorable path, they are seen as adaptive materials, which 

can be extended to microenvironments, which can influence such polymers allowing for adapting 

its structure depending on the new microenvironment. [48,49] 

A common type of dynamers are the acylhydrazone and imine bounded polymers. As shown in 

Figure 7, a condensation reaction can be conducted by the elimination of water via an acid 

affording an acylhydrazone or imine.[50] 

An introduction of a bi-functional monomer containing both hydrazide and amine moieties leads 

to a polymer formation where both imine and hydrazones exist. The nice thing about these 

dynamers is that it is possible to dope or integrate some different monomers within this polymer 

leading to delivery of these monomers in the field of drug delivery. This also allows for fine-tuning 

of many physiochemical properties of the whole construct, for example, solubility and thermal 

conductivity, or even more complex properties like the 3D self-assembled structure of the 

dynamers. [50]  

Figure 7: Reaction scheme of the formation of acylhydrazone and imine bond-based polymers. Figure reprinted with 
permission.[50] 
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Going further with this, the class of dynamers, known as biodynamers, was developed. Upon 

incorporating biological moieties, such as amino acids, polysaccharides or DNA, the dynamers 

are, therefore, based on biological materials as well. This can afford biological activity, good 

biocompatibility, and good elimination from the biological setting upon degradation. Such 

biodynamers can self-organize and polymerize forming imine and arylhydrazone bonds, yielding 

reversible polymers, which are pH responsive. To maximize their biocompatibility, they are 

designed in a way that mimics proteins, where hydrophobic interactions influence their folding, 

amide-similar hydrazone bonds exist, and amino acids can be incorporated into the sequence of 

the polymer. [51] 

To aid in hydrophobic interactions, carbazole-based biodynamers were developed and showed 

good polydispersity with a molecular weight of tens of thousands of daltons, in possibly a nanorods 

structure. The achieved molecular weight is a result of the so-called nucleation-elongation, where 

the dimer is formed and then due to the thermodynamically favorable folding leading to the 

incorporation of the next monomer into the polymer chain and so on, until the aldehyde groups are 

totally consumed into imine and hydrazone bonds. [52] 

Incorporating arginine-bearing monomers into biodynamers marries the polymers’ constitutional 

adaptability with the guanidinium group’s extraordinary affinity for anionic interfaces. In bulk 

solution the cationic side chains keep the chain in an extended, highly hydrated state, but when the 

polymer approaches a negatively charged membrane the guanidinium units form bidentate ion 

pairs with surface phosphates or carboxylates. This local charge-neutralization triggers the chain 

to collapse into a compact, amphipathic secondary structure that can nestle into the interface, 

transiently loosening or sealing nanoscale pores. Because the biodynamer backbone itself is held 

together by reversible covalent links, the membrane-induced rearrangement is fully reversible: 

once the electrostatic field dissipates, bond exchange restores the original conformation and the 

barrier reseals. Arginine-decorated biodynamers have already been shown to assemble into charge-

sensitive nanorods that ferry proteins and nucleic acids across cellular membranes without harming 

mammalian cells—behavior that closely parallels arginine-rich cell-penetrating peptides and 

confirms the value of guanidinium/proton coupling as a molecular switch for adaptive membrane 

engineering. [53,54] 
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2. Aim of the Thesis 
AMR represents a growing global health crisis, which necessitates the development of innovative 

materials to act as novel antibiotics, to enhance the efficacy of existing antibiotics, or to broaden 

the spectrum of existing narrow spectrum antibiotics. Despite recent advancements in drug 

discovery, particularly in novel functional materials, the complex architecture of the Gram-

negative bacterial cell envelope remains a formidable barrier, and no definitive solution has yet 

been achieved to surmount it. In Gram-negative bacteria, the LPS-rich outer membrane severely 

restricts antibiotic entry, limiting intracellular accumulation and preventing many drugs from 

effectively reaching their targets, thus diminishing therapeutic outcomes. Resultingly, this thesis 

aims to address these challenges by leveraging material design strategies to make new or potentiate 

existing antibiotics for overcoming the bacterial cell envelope. The thesis focuses on the 

exploration of multivalent macromolecules (polymeric and peptide-based constructs) to enhance 

antibiotic delivery across the bacterial cell envelope, especially against stubborn pathogens, such 

as Gram-negative bacteria.  

2.1 General Objective 

The overarching objective of this thesis is to design, synthesize, and evaluate innovative materials 

that achieve targeted perturbation of the Gram-negative bacterial cell envelope. To meet this goal, 

these materials focus on abundant bacterial components, not typically present in mammalian 

membranes, such as the cationic lipid membrane and lipopolysaccharides (LPS). This specificity 

aims to address the urgent need for novel classes of antimicrobials and to extend the lifespan of 

existing antibiotic families, particularly in combating multidrug-resistant (MDR) bacterial strains. 

2.2 Specific Aims 

1. Development of LPS-targeting Materials 

a. Design and synthesis of dynamic polymers which are capable of interacting with 

the LPS layer. 

b. Design of such materials, which are capable of interactions with the LPS layer, to 

facilitate passive diffusion of antibiotics into the intracellular compartment of the 

bacteria.  

c. Investigate the antibacterial potency or to potentiate other antibiotics against a 

variety of strains and compare this to the mammalian toxicity concentration range. 

d. Evaluate and validate the detailed mechanism of such antibiotic potentiation. 

2. Exploration of Biodynamers for Antibacterial Applications 

a. Explore arginine biodynamers (ArgBD) as antibiotic potentiator to improve 

antibiotics uptake across bacterial membranes. 

b. Explore and pinpoint the interactions between ArgBD with LPS and lipid A, 

including the secondary structure change in the case of interactions. 

3. Synthesis and Evaluation of Multivalent Conjugates 

a. Conjugate CPPs, such as HIV-1 TAT, with ArgBD to create multivalent constructs 

that can target LPS via the ArgBD backbone and can target lipid bilayers via the 

CPP. 
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b. Investigate the impact of multivalency in enhancing antibacterial activity and 

reducing mammalian cytotoxicity 

c. Determine the in vitro therapeutic window to explore the applicability of further in 

vivo studies.  

4. Mechanistic Insights into Membrane Interactions 

a. Employ state-of-the-art analytical, biological, and imaging techniques, such as 

circular dichroism (CD) spectropolarimetry, scanning electron microscopy (SEM), 

small-angle X-ray scattering (SAXS), and bacterial knockout strains, to elucidate 

mechanism of potentiation and action on the bacterial membranes. 

b. Investigate the secondary structure change of polymers and peptide-polymer 

conjugates upon exposure to bacterial microenvironment. 

5. Expanding the Spectrum of Antibiotic Activity 

a. Evaluate the ability of developed materials to broaden the spectrum of antibiotics 

from Gram-positives to conclude Gram-negatives as well. 

b. Quantify the exact synergy between the developed materials and antibiotics, 

especially in clinically relevant strains such as P. aeruginosa, A. baumannii, and S. 

aureus. 

c. Explore developed materials as enablers for anti-sense oligonucleotides to act as 

antibacterials. 

d. Explore the potential for clinical translation using the achieved antibacterial 

potency, hemolytic potential, and mammalian toxicity. 

2.3 Broader Impact 

Addressing the permeability barriers of Gram-negatives and designing novel materials contributes 

to the aim of the thesis by providing a foundation for next-generation macromolecule-based 

antibiotic therapies. The outcome of this thesis can have potential in the future to: 

• Enhance the efficacy of existing antibiotics against resistant clinical strains. 

• Reduce the adverse side effects of some antibiotics by reducing the required dose. 

• Inspire the development of novel drug delivery materials which can act as a potentiator and 

carrier simultaneously. 

• Find new therapeutic modalities for better treatment of infectious diseases. 

Ultimately, this research contributes to the efforts exerted globally to combat AMR and expand 

the available arsenal of therapeutics available to treat MDR infections.  
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3. Major Outcomes of the Thesis 
Across my studies, the overarching goal was to address a key challenge in treating Gram-negative 

bacterial infections as provided by their most restrictive outer membrane that severely limits 

antibiotic delivery. By engineering dynamic, arginine-rich polymers (biodynamers) and further 

conjugating them with a cell-penetrating peptide (TAT), I sought both to create potent stand-alone 

antibacterial agents and to boost the performance of conventional antibiotics. 

 

3.1 “Arg-biodynamers as antibiotic potentiator through interacting with Gram-negative 

outer membrane lipopolysaccharides” 

In the first project  (cf. section 9.2), the focus centered on Arg-biodynamers (ArgBD) themselves—

without TAT conjugation—and their role as antibiotic adjuvants to permeabilize the Gram-

negative outer membrane. Although ArgBD alone exhibited modest antibacterial effects, it showed 

a dramatically improved safety profile compared to conventional cationic polymers like poly-L-

arginine. Arginine biodynamers targeted the LPS layer of Gram-negative bacteria—namely 

Escherichia coli and P. aeruginosa—and were capable of folding into β-sheet–rich structures upon 

interacting with LPS. This structural rearrangement facilitated localized membrane disruption 

without causing significant harm to mammalian cells. Most notably, ArgBD, when paired with 

antibiotics such as colistin, enhanced their bactericidal efficiency by up to 32-fold. Using 

spectroscopic methods (circular dichroism) and microscopy (SEM, confocal imaging), we 

demonstrated how ArgBD assembled on the bacterial surface. Through partial pore formation and 

mild destabilization of the outer membrane, ArgBD improved antibiotic penetration and coverage, 

particularly for those agents usually restricted by bacterial membrane impermeability. The study’s 

comparative approach—highlighting ArgBD against non-dynamic polymers—reveals the unique 

advantage of biodynamers in selectively binding LPS while minimizing toxicity. 

 

3.2 “A Multivalent TAT-Arginine-Biodynamer Conjugate to Overcome the Bacterial Cell 

Envelope barrier by Bacteria-Specific Membrane Interactions” 

In the second project (cf. section 9.3), a TAT–Arginine-Biodynamer (TAT–ArgBD) conjugate was 

designed and evaluated. Unlike free TAT peptides, the conjugate displayed pronounced 

antibacterial effects against P. aeruginosa, A. baumannii, and S. aureus, with MICs in the range 

of 2–8 µg/mL, as well as showing rapid and efficient bactericidal activity, with an MBC of 32 

µg/mL. Mechanistic analyses revealed that TAT–ArgBD interacts strongly with bacterial 

membrane lipids, particularly POPG and cardiolipin, forming pores and adopting an α-helical 

structure in this lipid environment. At sub-lethal concentrations, it caused visible membrane 

disruption in scanning electron microscopy experiments, and at higher doses, it accelerated 

bacterial killing much faster than colistin, a last-resort antibiotic. Notably, the TAT–ArgBD 

construct retained good selectivity for bacterial cells: it induced minimal hemolysis in red blood 

cells and caused limited toxicity in mammalian fibroblasts and macrophages at therapeutically 

relevant doses. Beyond its direct antimicrobial action, TAT–ArgBD functioned synergistically 
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with conventional antibiotics—such as novobiocin, chloramphenicol, and imipenem—lowering 

their required inhibitory concentrations by up to 256-fold in certain strains. This synergy was 

attributed to TAT–ArgBD’s pore-forming ability, which enhanced antibiotic penetration of 

bacterial envelopes. 

Taken together, these papers underscore the versatility of biodynamers as both potent membrane 

disruptors and antibiotic potentiators. Whether conjugated to TAT or used alone, arginine-based 

biodynamers can selectively breach Gram-negative bacterial envelopes, amplify the effectiveness 

of existing antibiotics, and maintain a favorable safety margin toward host cells, opening new 

avenues for combating multidrug-resistant infections. 

 

3.3 Exploratory Study to combine Polymeric Constructs with ASOs as Anti-Infective 

Therapy 

Abstract: Having shown that ArgBD and its TAT-conjugate can breach the Gram-negative outer 

membrane and turbo-charge conventional antibiotics, we next explored whether the same 

permeabilizing polymers could ferry antisense oligonucleotides (ASOs) into bacteria. Section 3.3 

presents this pilot work: ASOs targeting essential genes co-applied with free TAT, ArgBD, 

TAT-ArgBD, or other polymers can be intracellularly taken up to inhibit the growth. The study 

tests whether membrane-active biodynamers can extend their utility from antibiotic potentiation 

to sequence-specific gene silencing. 

Introduction: Among the promising alternatives for antibiotics are antisense oligonucleotides 

(ASOs), such as anti-sense Ribose Nucleic Acid (asRNA) and anti-sense Peptide Nucleic Acid 

(asPNA). ASOs can leverage sequence-specific gene silencing to inhibit essential microbial 

functions. To our knowledge, there is no solution to get the ASOs to permeate into bacteria in their 

free form in normal bacteria. Researchers have been able to conjugate asPNA to CPPs to facilitate 

their accumulation intracellularly within the bacteria. However, the most prominent current 

challenge is the off-target activity in mammalian cells as well because the length of the asPNA 

which can be internalized into bacteria via the CPP conjugation is around 9 nucleotides.[55] For 

successful specific targeting and having limited off-targets, one need to design ASOs in the range 

of 20 nucleotides, meaning that CPP-ASO conjugates will low specificity to bacteria and tend to 

have off-targets caused toxicity in humans. [56]  

Methods: To directly assess the needed endpoint which the functionality of ASOs, ASOs were 

incubated with bacteria in combination with free peptides, biodynamer, or peptide-polymer 

conjugates as permeabilizers to internalize the ASOs into the bacteria to exert its silencing 

function. 10^5 CFU/mL of E. coli MG1655 was inoculated in M9 medium with a known 

concentration of the ASOs with a co-treatment, then they were incubated for 24 hours, then OD600 

was measured to assess the bacterial growth. Alternatively, after the 24 hours combination, the 

bacteria were washed twice with PBS to remove any excess free treatment, then the bacteria was 

lysed with a dry sonication probe (20% power for 10 seconds twice) leading to release of 

intracellular components and internalized treatment, then it was measured at the respective 

wavelength on a plate reader and the background was subtracted.  
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Results and Discussion:  

As a pilot first experiment, 10 µg/mL non-functional Alexa Fluor™ 568-labeled RNA was 

combined with 3 µg/mL of free TAT peptide, 3 µg/mL of ArgBD, or 3 µg/mL of TAT-ArgBD. 

The bacteria were then lysed, and the fluorescence was measured with excitation of 580 nm and 

emission at 604 nm. Bacterial growth was noticed in all of the samples. As shown in Figure 8, no 

significant uptake was noticed in any of the sample except for TAT-ArgBD which showed around 

11% uptake of the added amount of the RNA. There is the possibility that the RNA is taken up by 

the bacteria, however, there is also the possibility that bacteria break down RNA to small chunks 

and the labelling dye made it inside the bacteria.  

This gave the encouragement to try asPNA in combination with TAT-ArgBD or other 

permeabilizers as a potential combination therapy. Accordingly, two asPNA were designed. The 

first (anti-acpP, CTCATACTCTT) should silence acpP essential gene and the second (anti-rpsH, 

CTCATCTGTCT) should silence the rpsH essential gene in addition to a scrambled anti-rpsH 

(TTCACTATCTC), and labelled cy5-scrambled anti-acpP (cy5-TTCACTATCTC). 

The uptake experiment was repeated using the same method in combination with 0.25% TritonX, 

or 3 µg/mL of TAT-ArgBD in combination with 10 µg/mL of cy5-scr-anti-acpP to confirm the 

uptake. Then the fluorescence was measured at the cy5 excitation (600 nm) and emission (669 

nm). As shown in Figure 9, TritonX showed uptake lower uptake than the control indicating some 

inhibition to the number of grown bacteria after the incubation time. As for TAT-ArgBD, it showed 

a slight non-significant increase than the control. Comparing Figures 8 and 9 shows that RNA 

indeed gets internalized due to its degradation and not in its intact form, with some hope that the 

small amount of functional asPNA can really inhibit the bacterial growth. 

Figure 8: Fluorescence signal from lysed E. coli after treatment with 10 µg/mL of labelled siRNA combined with different 
materials. Three replicates were performed. 
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The following polymers were screened for their MICs against E. coli linear polyethylenimine 

(PEIL), 70kDa poly-l-arginine (PLA70), 70kDa poly-l-lysine (PLL70), TAT-peptide, TAT-

ArgBD yielding MICs of 256, 8, 16, 8, 8 µg/mL, respectively. Afterwards, 0.25 xMIC of each of 

these polymers were combined with 50 µM of anti-acpP or 50 µM of anti-rpsH in M9 medium 

against E. coli. As shown in Table 1, most of the polymers showed increased bacterial growth 

relatives to normal control, with OD600 reaching 2x the normal control. Although asPNA would 

be expected to inhibit bacterial growth, it actually did the exact opposite indicating that bacteria 

could compensate for the silenced genes somehow and overcoming this in a very effective way 

leading to overgrowth due to sensing that something is wrong. Only PLA70, should a promising 

result in one of the replicates by inhibiting bacterial growth. 

Table 1: E. coli bacterial growth in co-treatment of different macromolecules with asPNA. ++ 

indicates bacterial growth above 100% of the control, + indicates bacterial growth around 100% 

of the control, while +/- indicates one replicate inhibited and one at 100% of the control. Two 

replicates were conducted. 

 

As bacteria are known to compensate for the silencing of essential genes like acpP, it was 

concluded to use two asPNA against two different essential genes simultaneously to block as much 

 PEIL PLA70 PLL70 TAT TAT-ArgBD 

No asPNA + + + + + 

Anti-acpP + +/- ++ ++ ++ 

Anti-rpsH + ++ ++ ++ ++ 

Figure 9: Fluorescence signal from lysed E. coli after treatment with 10 µg/mL of cy5-scr-anti-acpP combined with 
different materials. Two replicates were performed. 
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as possible of the bacterial growth cycle.[57,58] Additionally, a checkerboard assay was conducted 

using different concentrations of 1:1 mix of anti-acpP and anti-rpsH with different concentrations 

of PLA70 to reveal if there is any chance a certain mixture ratio was needed to inhibit the bacteria 

and not cause it to overgrow. 

As shown in Figure 10, it was found that the higher concentration of asPNA, the more the bacteria 

can counteract this and overgrow with the PLA concentration being not detrimental for the degree 

of this compensatory mechanism extent. On the other hand, 781–49 nM of PNA combined with 4 

µg/mL of PLA70 (0.5 xMIC) was found to partially inhibit the bacterial growth beyond 75% of 

the control, indicating the ability of the bacteria to ultimately overcome this strategy of essential 

genes silencing.  

As a conclusion, asPNA is likely to really inhibit some of the essential genes of bacteria, but with 

the bacteria able to overcome this, even two genes at a time. We propose that a large cocktail of 

asPNA targeting >2 genes at a time, could potentially outsmart the bacteria sensing mechanism. 

However, huge resources would be necessary due to the number of possible combinations of 

asPNA targeting different genes as well as the cost to synthesize custom-made PNAs.  

To our knowledge, no research was able to achieve bacterial inhibition in vitro beyond 75% using 

free asPNA in any Gram-negative seriously pathogenic bacteria. In one similar study, MIC50 

(inhibition of 50% of bacterial growth) was used to determine the potency instead of the usual 

MIC80, indicating that the researchers likely observed only partial inhibition and not complete 

inhibition.[59] In the case of our study, we would have reported a MIC50 of less than 1.5 µM as 

seen in Figure 10, which is more potent than CPP-asPNA conjugates.[55] This indicates that the 

challenges faced by the selection of CPP and the increased molecular weight upon conjugating 

(limiting its internalization) can indeed be potentially overcame by simply co-treating with PLA 

at 4 µg/mL.  

Additionally, there is no research paper reporting negative with free asPNA, like the data observed 

here, likely due to the bias to report only positive results in literature. Furthermore, to our 

knowledge, there is likely not a single paper (except for the one mentioned above) reported what 

MIC criteria they used to report an MIC.[60] This indicates a huge concerning literature gap in 

methods reporting and probable bias towards reporting only positive results. 

 

Figure 10: OD600 of checkerboard assay of asPNA mix and PLA70 after subtracting background absorbance and 
normalizing to a control well (only bacteria, no treatment) as 100%. 
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4. Conclusion and Future Perspective 
This thesis sets out to address the global problem of AMR, especially by Gram-negatives, by 

exploring novel bioresponsive polymers which can selectively target the bacterial cell envelope. 

Collectively, the two studies presented in this thesis mainly introduce ArgBD and their derived 

conjugate TAT-ArgBD as powerful strategies to (i) act as an antibiotic, (ii) permeabilize the 

notorious Gram-negative outer membrane, (iii) potentiate the activity of existing antibiotics. 

In the first project on ArgBD as a potentiator, ArgBD themselves were studied as antibiotic 

adjuvants. These dynamic polymers could bind to the LPS of the Gram-negative membranes, 

leading to a remodeling of the local membrane architecture without causing mammalian cell 

toxicity. ArgBD could show mild intrinsic antibacterial activity but rather excel as antibiotic 

potentiators. Most notably, ArgBD could reduce the MIC of colistin by up to 32 folds in E. coli. 

Detailed spectropolarimetry analysis showed that ArgBD can adopt a predominantly majorly ß-

sheet conformation in the microenvironment of LPS, in contrast to adopting random coil in 

aqueous environment, eventually break the LPS-LPS tight barrier, hence, permeabilizing the 

bacterial cell envelope. Interestingly, linear cationic polymers, such as poly-L-arginine, exhibited 

much inferior selectivity indices and is cytotoxic to mammalian cells, underscoring the advantages 

of dynamic polymers. 

In the second project on TAT-ArgBD as antibacterial and potentiators, the concept of multimeric 

peptide constructs in which multiple TAT peptide repeating units are covalently linked to a ArgBD 

backbone with around 12 repeating units per polymer chain. TAT-ArgBD construct displays potent 

antibacterial action against P. aeruginosa, A. baumannii, and S. aureus, but not E. coli. The 

antibacterial activity was also found to be very fast in less than one hour. Mechanistic studies 

revealed a strong affinity to anionic bacterial membrane lipids, namely POPG and cardiolipin, 

leading to pore formation and leakage of intracellular components, thereby bypassing the usual 

prerequisite for antibiotics for intracellular uptake to have activity. Beyond the direct antimicrobial 

activity, TAT-ArgBD showed very good synergy with many antibiotics, such as novobiocin, 

chloramphenicol, imipenem, potentiating the activity for some and broadening the spectrum of 

some of these antibiotics from narrow spectrum, active only on Gram-positives, to include Gram-

negatives even below the known breakpoint of these antibiotics, hinting towards a great potential 

to use them as treatments to Gram-negative bacterial infections. 

Collectively, these findings emphasize the potential of dynamic biopolymer, especially arginine 

biodynamers, for addressing the gap of membrane-targeting strategies and antibiotics activity. 

ArgBD and TAT-ArgBD show great promise to combat stubborn Gram-negative bacterial 

infections due to maintaining bacterial selectivity over mammalian one, acceptable in vitro 

therapeutic window, and proven bacterial membrane permeabilization. Referring back to the core 

objectives, ArgBD-based systems indeed demonstrated selective LPS targeting, enhanced 

antibacterial efficacy, and a favorable safety margin—a critical trifecta against MDR Gram-

negative strains. 
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Additionally, the attempted ASO-based approach showed partial, inconsistent bacterial inhibition, 

suggesting that multi-gene targeting or improved carrier design may be necessary to overcome 

bacterial compensatory mechanisms. 

In the future, these biodynamers could be further optimized by (i) fine-tuning their polymeric 

backbone for even greater bacterial specificity, (ii) exploring synergy with additional antibiotic 

classes, and (iii) developing advanced formulations for co-delivery of nucleic acids. Such efforts 

will help push these platform technologies toward practical applications in the ongoing fight 

against AMR, offering hope for improved therapeutic outcomes even against the most resistant 

pathogens. 
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