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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 Zellhiille, 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 Molekiile per Diffusion ihre intrazelluldren Zielstrukturen erreichen.
Diese Barriere stellt einen Flaschenhals fiir die Entwicklung neuer Antibiotika dar.

Kationische, dynamische Polymere ermoglichen Interaktionen mit der LPS-Schicht. Meine
Studien zeigen, dass ArgBD, ein argininbasiertes Biopolymer, spezifisch mit der Lipid-A-
Komponente der LPS interagiert und dabei Liicken in der bestehenden LPS-Barriere erzeugt.
Folglich kann ArgBD Colistin durch einen neuartigen Mechanismus um den Faktor 32 verstirken,
indem es den Zugang zur Lipiddoppelschicht ermdglicht.

Um diesen Effekt von ArgBD weiter zu verbessern, wurde es an das zellpenetrierende Peptid HIV-
1 TAT konjugiert, um zusitzlich mit den Lipiddoppelschichten der bakteriellen Hiille zu
interagieren. Dieses kovalente Konjugat, TAT-ArgBD, verbesserte tatsdchlich die bakterizide
Wirkung mit einem membranolytischen Index von > 64 und geringeren hdmolytischen Toxizitdten
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 Aktivitit von Novobiocin, das liblicherweise nur gegen Gram-positive
Bakterien wirkt, auf Gram-negative ausgeweitet werden.
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Abbreviations

AMP Antimicrobial Peptide

AMR Antimicrobial Resistance

ArgBD Arginine Biodynamer

asPNA Anti-sense Peptide Nucleic Acid
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CPP Cell-Penetrating Peptide
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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.
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Figure 1: Bacterial cell envelope of (a) Gram-negative bacteria, and (b) Gram-positive bacteria. Figure created with
Biorender ®

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 B-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.



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



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]

Golden era for antibiotics Discovery void
Sulfonamides Glycopeptides ) Carbapenems
(prontosil) {vancomycin) (imipenem)
B-lagtams Rifamycin Fluroguinolones Lipopeptides
(penicillin) {rifampicin) (ciprofloxacin) {daptomycin)
Aminoglycosides ) Quinolones Oxazolidinones
(streptomycin) (nalidixic acid) (linezolid)
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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]

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
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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 I1I 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 Il 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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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]

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]
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Figure 5: Chance of a potential drug to proceed to the next clinical trial phase. [16] Created with Biorender ®



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]

Toxicity

Inferiority
Resistance
Commercial

Clinical results
Pharmacokinetics
Pharmacodynamics

BENOOND

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]

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.



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 a-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-(N!,N'-
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, 3-sheet forming peptides were found to be more resistant to
proteolysis, especially when stabilized by a disulfide bridge. It was also noticed with B-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 a-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 a-helix ((KIAGKIA)3;-NHz) vs B-sheet ((KIGAKI)3-
NHb). As a-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 a-helical in water, more a-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 1719 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 ng/mL worth of peptide in P.
aeruginosa conjugated to chitosan, compared to 512 pg/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
WLBU?2, Lactoferrin, LL-37, Pexiganan, PR-26, S4:3-PV, Buforin 2, 4D-KsL;. Accordingly, it
was noted that WLBU?2, being a naturally a-helical cationic peptide, could benefit the most in
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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]

O 0]
. .NMH, ¥ OHC—R; —= . .N~_ _R, + H,0 Acylhydrazone
R{JL N2 2 R{)l N7 T2 2
H H
H:M—FR4 + OHC—R- —_— R{-"N'"ﬁ.-,.-"p‘z + HyO Imine

Figure 7: Reaction scheme of the formation of acylhydrazone and imine bond-based polymers. Figure reprinted with
permission.[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]
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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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Investigate the impact of multivalency in enhancing antibacterial activity and
reducing mammalian cytotoxicity

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

4. Mechanistic Insights into Membrane Interactions

a.

b.

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.

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 B-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 ng/mL, as well as showing rapid and efficient bactericidal activity, with an MBC of 32
pg/mL. Mechanistic analyses revealed that TAT-ArgBD interacts strongly with bacterial
membrane lipids, particularly POPG and cardiolipin, forming pores and adopting an a-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—Ilowering
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 ODsoo
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 pg/mL non-functional Alexa Fluor™ 568-labeled RNA was
combined with 3 pg/mL of free TAT peptide, 3 ng/mL of ArgBD, or 3 ng/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 (cy5S-TTCACTATCTC).

20

% RNA taken up
m S o
1 1 1

1

1
(3]

Figure 8: Fluorescence signal from lysed E. coli after treatment with 10 pg/mL of labelled siRNA combined with different
materials. Three replicates were performed.

The uptake experiment was repeated using the same method in combination with 0.25% TritonX,
or 3 ng/mL of TAT-ArgBD in combination with 10 pg/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.
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Figure 9: Fluorescence signal from lysed E. coli after treatment with 10 ug/mL of cy5-scr-anti-acpP combined with
different materials. Two replicates were performed.

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 pg/mL, respectively. Afterwards, 0.25 xMIC of each of
these polymers were combined with 50 uM of anti-acpP or 50 uM 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 ODsoo 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.

PEIL PLA70 PLL70 TAT TAT-ArgBD
No asPNA + + + + +
Anti-acpP + +/- ++ ++ ++
Anti-rpsH + ++ ++ ++ ++

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
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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.

1:1 mix of anti-acpP and anti-rpsH (uUM)
50 25 12.5 6.25 3.125 1.5625 0.78125 0.390625 0.195313 0.097656 0.048828
8 0.44% -0.14% -0.30% -0.38% -0.87% -0.71% 0.03% -0.14% 0.93% 1.34% 0.93%
4 187.44% 150.74% 139.85% 86.12% 71.54% 43.85% 26.81% 38.36% 28.37% 29.11% 26.81%
2 199.56% 182.28% 144.35% 128.30% 112.49% 85.54% 77.19% 61.79% 61.71% 56.22% 64.25%
1 207.75% 190.31% 173.19% 137.72% 122.24% 104.30% 101.43% 87.43% 75.30% 78.91% 75.47%
0.5 172.04% 166.23% 142.47% 131.25% 120.76%  95.62% 92.18% 86.44% 89.64% 84.48% 65.88%
0.25 161.72% 178.68% 135.34% 119.70% 109.87% 107.49% 97.67% 88.00% 84.56% 91.52% 65.31%

PLA70 (ug/mL)

Figure 10: ODsoo of checkerboard assay of asPNA mix and PLA70 after subtracting background absorbance and
normalizing to a control well (only bacteria, no treatment) as 100%.

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
pg/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, MICso
(inhibition of 50% of bacterial growth) was used to determine the potency instead of the usual
MICso, 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 MICso of less than 1.5 uM 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
at4 pg/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.
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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 8-
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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Functional Materials to Overcome Bacterial Barriers and

Models to Advance Their Development

Aghiad Bali, Mohamed A. M. Kamal, Glorjen Mulla, Brigitta Loretz,

and Claus-Michael Lehr*

With the emerging problem of antimicrobial resistance, the world is facing a
slow but dangerous pandemic. While the discovery of novel antibiotics is
reaching a nearly exhaustive end, new concepts for anti-infective drugs are
emerging. So-called pathoblockers aim to de-weaponize bacteria rather than
just killing them. As the target of these molecules is typically located
intracellularly, however, hitherto almost unnoticed biological barriers are
emerging such as the biofilm matrix, the bacterial cell envelope, efflux pumps,
and eventual bacterial metabolism. This leads to a new paradigm that is to
maximize bacterial bioavailability. To overcome the bacterial barriers,

700000 deaths per year worldwide are at-
tributed to AMR. The number of fatalities is
predicted to increase to 10 million per year
by 2050, making AMR the leading cause
of death if no action is taken. The World
Health Organization has categorized the
different critical pathogen groups into pri-
ority lists. Notably, priority list 1 comprises
exclusively multiple drug-resistant (MDR)
Gram-negative bacteria (Acinetobacter bau-
mannii, Pseudomonas aeruginosa, Enterobac-

especially when further optimization of the active molecules is not possible,
functional materials are needed to engineer innovative delivery systems.
Those may not only enable novel anti-infective molecules to reach their
targets, but will also improve the bacterial bioavailability of existing
anti-infectives. Additionally, there is a need for better infection models that
allow studying drug effects on both the bacteria and the host in a relevant
manner as needed for rational anti-infective drug development.

1. Introduction

1.1. The Threat of Bacterial Resistance and the Need for Novel
Anti-Infectives

Antimicrobial resistance (AMR) is the ability of a microbe to
learn how to avoid being killed by antimicrobials. Reports of
this global health threat are increasing, and it is estimated that
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teriaceae). This emphasizes the difficulty of
combating these bacteria with conventional
antimicrobials, mainly due to the complex
Gram-negative bacterial cell envelope. The
usual workflow in clinical settings starts
with using some first-line agent(s), followed
by second and third lines, reaching last re-
sort alternatives that often have serious ef-
fects on the life quality of the patient. Nev-
ertheless, time is always not in favor of the
patients as confirming the resistance and
initiating the new treatment protocol can
happen in a very late stage after the infection has built its
fortresses and castles (for instance in the form of biofilms), ren-
dering it both resistant and tolerant to antibiotic treatment.!'! In
this perspective, we will have a special emphasis on the Gram-
negative cell envelope and bacterial biofilms as biological barri-
ers. As regards the human body, we shall pay some special at-
tention to the lungs, which are one of the organs most seriously
affected by infectious diseases.

AMR is a phenomenon that occurs naturally but is propagated
by extensive and inappropriate use of antibiotics. Moreover, the
increasing emergence of multidrug-resistant bacteria has made
the search for new antibiotics even more critical. The lack of new
classes of antibiotics to fight against these resistant bacteria is
a major concern. The pipeline for new antibiotics has slowed
down in recent years, and the discovery void for new classes of
antibiotics is becoming more and more apparent. It is notewor-
thy, that none of the potential antibiotics in current clinical tri-
als represents a novel class against Gram-negative bacteria. On
the other hand, there are many reasons for the lack of research
on novel antibiotics, which include a lack of satisfactory return
on investment, insufficient cooperation between academia, in-
dustry, and still limited public awareness and funding. However,
there have been some initiatives recently, such as the “Global An-
tibiotic Research and Development Partnership” (GARDP).”?! To
combat the problem of AMR, there is an urgent need for more

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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instance, PEG-coated nanoparticles previously reported to dis-
play decreased mucoadhesive behavior would theoretically also
show decreased biofilm adhesion.[®! In a study, it was found that
the acidic mucus milieu promotes the interaction between the
surface of nanoparticles and mucins, which are the main compo-
nent of the mucus layer and have been reported to attenuate the
virulence of P. aeruginosa.®! On one hand, surface-PEGylated
solid nanoparticles exhibited the advantage of mucus penetra-
tion, while on the other side positively charged amine-modified
solid nanoparticles and carboxyl-modified particles were trapped
in the negatively charged mucus.®! In another study, it was
found that ultra-small (< 100 nm) solid lipid nanoparticles with
hydrophilic surface properties enhance mucus penetration./*®]
If the claim that mucus and biofilms display similar rheological
properties stands, then it can be speculated that lipid nanopar-
ticles and PEG-shell-modified nanocarrier could potentially
facilitate biofilm penetration. Indeed, a recent study showed that
PEG-PLGA nanoparticles had enhanced biofilm penetration.[*’]

Materials and Strategies for Biofilm Penetration: Different
nanoparticles have been shown to display biofilm penetration
activity (Figure 3). Among them, polymeric nanoparticles dis-
play the greatest potential.'®®! For instance, cationic polymer
conjugates could penetrate through biofilm layers.®) Likewise,
biofilm-responsive caged guanidine nanoparticles could pene-
trate and accumulate in bacterial biofilm.””) Other examples
include CS, poly(lactic-co-glycolic acid, and polycaprolactone
nanoparticles. CS is a polymer of special interest due to its
intrinsic antibacterial activity.”"”?! The overall positive charge
enables it to electrostatically bind to the negatively charged
outer membrane of the bacteria and negatively charged biofilm
EPS. Therefore, many nanoparticles were designed to be coated
with CS to facilitate the biofilm diffusion of both drugs and
nanoparticles.”>’] For instance, a chitosan-polyethylene glycol-
peptide conjugate with a size of 100 nm resulted in an increased
biofilm penetration./””!" Alternatively, lipid nanoparticles could
enhance the penetration of biofilms. A recent study showed that
tobramycin-loaded lipid liquid crystal nanoparticles could signif-
icantly enhance the penetration and eradication of P. aeruginosa
biofilm infections.”®!

In the context of biofilm penetration, an alternative approach
might be to treat the biofilm matrix as an “ally” and employ agents
that display similar characteristics to EPS polymers to coat and
make loaded drugs “invisible” to the biofilm surface. The latter
could be considered a biomimetic drug delivery strategy. To ad-
vance this hypothesis, several steps must be taken. First, potential
materials such as polymers of the biofilm matrix should be iden-
tified and characterized. Afterward, polymeric analogs of these
materials must be found or synthesized. Lastly, once available
the newly identified EPS-mimetic compound can be employed
as a coating agent to merge with the biofilm matrix as part of its
structure and to release the cargo in the immediate vicinity of its
bacterial targets.

2.2. Overcoming the Bacterial Cell Envelope
A major cause of bacterial resistance to antibiotics is attributed

to the bacterial cell envelope, which represents with its complex
structure a significant barrier for the internalization and accu-
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mulation of antibiotics in bacterial cells and thereby limits bac-
terial bioavailability (Figure 4). Depending on the structure of
their envelope, bacteria are classified as Gram-positive and Gram-
negative. The cell envelope of Gram-positive bacteria is consti-
tuted of an inner lipid membrane and a thick peptidoglycan layer
representing a gel-like mesh structure. In contrast to their Gram-
positive counterparts, Gram-negative bacteria have a much thin-
ner peptidoglycan layer and confine an additional outer mem-
brane made of an inner leaflet of lipids and an outer leaflet of
lipopolysaccharide (LPS). Some Gram-negative bacteria might
also have an extra outer layer called the S-layer, made of proteins
or glycoproteins.”’7*] Different proteins are embedded within
the bacterial cell membrane to coordinate the facilitated diffusion
and transport through the membrane.

Targeting intracellular components requires the active
molecule to possess the size and other physiochemical proper-
ties needed for uptake while still maintaining binding affinity
and activity at the target. Besides optimizing the transport prop-
erties of anti-infective molecules, an alternative strategy is to look
for materials that can serve as carriers, adjuvants, or are even
antimicrobials by themselves. Such material has to interact with
the bacterial membrane to either selectively target it or destroy it.
It can be as little as small molecules or polymers or even much
larger, such as nanoparticles, fibers, membranes or coatings, and
scaffolds.”””! We will focus more on zero-dimensional materials,
e.g., nanoparticles, which are favored to overcome biological
barriers.

Simple Passive Diffusion: The transport of small molecules
across the outer membrane of Gram-negative bacteria may oc-
cur through protein channels and/or the membrane lipids. The
latter is referred to as simple passive diffusion. As with any other
diffusion barrier, the main determinants are the concentration
gradients and the size of the molecule in the host settings. LPS is
the main limiter of simple passive diffusion, which is absent in
Gram-positive bacteria. LPS consists of lipid A, inner core sug-
ars, outer core sugars and O-antigen tightly bound together with
divalent cations (Ca*? and Mg*?). The next layer is the peptido-
glycan that is a gel-like mesh, then the lipid bilayer of the in-
ner membrane. Only small hydrophilic neutral molecules like
amino acids, water, and soluble gases are most likely to readily
pass through the LPS layer.!5081]

Facilitated Passive Diffusion: Facilitated passive diffusion is a
process by which the bacteria use non-active channels to trans-
port molecules from the outside to the inside of the bacterium
without the expense of energy in the form of ATP or any poten-
tial gradient. The process depends primarily on the concentration
gradient of the molecules of interest. Additionally, mutations can
alter the function of these channels or porins resulting in reduced
effectivity of the small organic molecules. This phenomenon has
been observed in different strains, especially in P. aeruginosa, A.
baumannii, and Klebsiella pneumoniae.'s?!

Active Transport: Active transport refers to a process by which
certain molecules are transported across the cell membrane in-
dependent of the concentration gradient. In bacteria, the so-
called TonB-dependent transport system has evolved to inter-
nalize molecules that cannot translocate by facilitated diffusion,
but at the expense of energy in the form of ATP or proton gra-
dient. TonB transport is initiated when the substrate binds to
one of its receptors at the OM (e.g., FhuA (binds ferrichrome),

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. The different structures of Gram-positive and Gram-negative bacterial cell envelopes, illustrating the unique LPS structure as well as efflux
pumps as the main limiters of simple passive diffusion. Adapted with permission.[8] Copyright 2023, Elsevier.

FepA (binds ferric enterobactin), and BtuB (binds vitamin B12)).
Subsequently, the TonB system uses ATP or proton gradient for
transport through the outer and inner membranes as well as the
periplasm.[%4]

As shown in Table 1, it is quite noticeable that the affinity
of these channels to their substrates is variable and relatively
low compared to the TonB transporter, which involves spe-
cific receptors as well as higher molecular weight cutoff. This
affinity advantage of TonB-dependent transporters makes it

more promising for the Trojan Horse approach for better
intra-bacterium drug delivery.

Efflux Pumps: Efflux pumps are energy-dependent
membrane-bound transporters that actively pump out toxic
substances, drugs, and other antimicrobial agents. Notoriously
they play a major role in bacterial resistance.®*] This is especially
true for hydrophobic compounds (clogD7.4 > 3). On the other
side, highly charged compounds with low molecular weight
(<400 Da) are not affected by efflux pumps. The latter stands

Table 1. Different passive channels and TonB-dependent transporter (active transporter) in bacteria showing the substrates, the affinity (Kp) of the
channel to its substrates, and an estimated size cut-off for molecules that can pass through.

Name Substrate Kp for a known substrate Size cutoff [daltons] References
Porins Unspecific: No/little affinity 600 [77,83-85]
hydrophilic
molecules and
ions.
LamB Maltose, 10 pm for maltose 850
maltodextrins
BglH Aryl-R-D- 1-3 mm for Expected as LamB due to
glucoside 2-hydroxymethylphenyl-B-glucoside homology
Tsx Nucleotides Not determined 850
FadL Long-chain fatty 0.2 pm for oleate 300
acids
CymA Cyclodextrin 28 um for cyclodextrin 980
TonB-dependent Transporters Siderophores 300 nwm for ferricrocin 1360

Adv. Funct. Mater. 2023, 33, 2304370
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Figure 5. Strategies to enhance the permeability of anti-microbial agents across the Gram-negative bacterial cell envelope by A) Demolishment of the
bacterial cell envelope (e.g., by detergent-like molecules). B) Specific bioadhesion to certain components (e.g., binding to lectins, lipid A, LPS) within
the bacterial cell envelope. C) Permeabilization of the bacterial cell envelope (e.g., by membrane-active AMPs).

true also for polar zwitterions with a high molecular weight
(400-600 Da). However, variations in the efflux systems among
different bacterial strains like E. coli and P. aeruginosa exist,
therefore, these generalizations are not absolute. Further under-
standing of the molecular descriptors that can be utilized to avoid
efflux is important for improving bacterial bioavailability.*¢!
Alternatively, researchers could enhance the MIC of tetra-
cycline by 4-fold when it was combined with efflux pump
inhibitors.*!

2.2.1. Enhancing the Permeability of the Bacterial Cell Envelope

Permeability through the bacterial cell envelope is the main de-
limiter of the activity of different potential anti-infectives. The
permeation of small organic molecules through the bacterial
cell envelope has been extensively covered in literature.*#%% n
this subsection, membrane-active materials will be discussed.
We differentiate between two concepts; demolishment, and per-

Adv. Funct. Mater. 2023, 33, 2304370 2304370 (8 of 20)

meabilization. Demolishment refers to destroying the cell enve-
lope to an extent that causes leakage of the intracellular compo-
nents (Figure 5A). This is common for most disinfectants and
leads to bluntkilling of the bacteria. This again, however, just in-
creases the chances of developing AMR. On the other hand, per-
meabilization refers to only inducing some structural changes
(e.g., pore formation), rather than destroying the cell envelope.
The aim is not to kill the bacterium but to facilitate the up-
take of anti-infectives (e.g., modern pathoblockers) in its vicinity
(Figure 5C).1°%

Demolishment: Most antibiotics that are active against Gram-
negative bacteria act on intracellular targets, which requires the
internalization of these molecules as a prerequisite for their activ-
ity. On the contrary, molecules that act on the bacterial cell enve-
lope, do not require to be taken up by the bacterium to become ac-
tive. Understanding this could encourage the scientific commu-
nity to give more attention to membrane-directed strategies. Ap-
proaches that can be employed to demolish cellular membranes
include:

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Detergents that have a hydrophobic part that sticks with the
lipids and a hydrophilic part that stays in contact with the water
outside the bacterium.”!!

Peptides that can acquire a-helical conformation inside the
membrane, permeabilizing the membrane.*]

Metal ions that can form complexes with the membrane of the
bacteria, disrupting the membrane.[*]

Gas generation within the membrane like hydrogen sul-
fide and H,0, (which also can produce ROS to destroy the
membrane)./*?!

These membrane-destructive strategies need, however, to be
adopted to avoid damage to the mammalian cell membrane, i.e.,
to target structures that are only found in bacteria, but not in
mammalian cells. Such approaches include divalent cations, bac-
terial membrane-specific lipids and polysaccharides, and mem-
brane overall charge. For instance, polymyxins (in use since 1964)
belong to a class of antibiotics that interact with the LPS and com-
promise the membrane integrity of the bacteria. Nowadays, it is
used as a last resort in the clinical setting because of its toxicity.*!]

So far, some detergent-like and a-helical peptides have reached
advanced clinical development or are on the market. For in-
stance, teixobactin, in addition to being a peptide-like molecule
and not an AMP, targets lipid 1I in the bacterial membrane, in-
hibits peptidoglycan synthesis, and compromises the membrane
integrity.”*l Other membrane-acting peptides with the ability to
destroy the membrane have been isolated, e.g., melittin and mag-
inin (reached clinical phase 3 and rejected). Melittin exhibits a
detergent-like mechanism, while maginin forms an a-helix in-
side the lipid membrane of the bacteria. The usage of AMPs,
however, is still quite limited due to the cost of production and
the relatively high toxicity due to interactions with mammalian
cell membranes.*]

Nevertheless, membrane-active AMPs have enormous poten-
tial. Peptides have the highest degree of freedom and thus offer
much potential to adjust the molecule toward bacterial, but not
mammalian toxicity. Also, AMPs are not split structurally into
a targeting moiety and an activity moiety, which therefore maxi-
mizes the antimicrobial activity normalized by molecular weight.
Developing AMPs for clinical applications requires first screen-
ing against both mammalian cells and bacteria, ideally also lead-
ing to a better understanding of what governs this selectivity that
has not been done until very recently.***”] Peptide modifications
such as using D-amino acids and cyclization must also be taken
into consideration. They can significantly influence the activity
and selectivity of bacterial cells. In addition to peptides, synthetic
oligomers, and polymers can also serve the same purpose, but
more research is required to optimize their pharmacokinetics
and pharmacodynamics.

Permeabilization: Permeabilization refers to the introduction
of pores in the bacterial cell envelope by the employment of dif-
ferent pore-inducing agents. This process would therefore lead to
enhanced drug uptake. Initial research could demonstrate that in
some strains of Gram-negative bacteria, which had high pore ex-
pression, the minimum inhibitory concentration (MIC) of some
antibiotics was decreased up to 128fold.*®! Increasing the per-
meability of the bacterial cell envelope would also open the per-
spective to convert narrow-spectrum antibiotics, acting on Gram-
positive bacteria only, to broad-spectrum Gram-negative acting
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antibiotics. More importantly, it may enable to design agents
against intracellular targets that are above 600 Daltons as long
as the created pores allow their uptake.

Well-known pore-forming molecules are proteins like a-
hemolysin and peptides like melittin (bee venom). Nevertheless,
the proteins can cause collateral damage to mammalian cells,
which limits their translation to the clinic./*1°°l However, recent
studies discovered more biocompatible membrane-acting poten-
tiators, such as polycations, cell-penetrating peptides, artificially-
quaternized polymers, and combinations of the two approaches
like peptide-functionalized polycationic polymers.[19-1%31 Oth-
ers developed a relatively simple structure with two positively
charged groups that interact with the bacterial membrane and
were able to potentiate pre-existing antibiotics by up to 512-folds
against MDR E. coli.l'*!]

Silver nanoparticles have been used for so long as antimicro-
bial materials because of their many involved mechanisms of
action such as the inactivation of proteins (disrupting bacterial
metabolism), production of reactive oxygen species, and contact
interactions with the bacterial cell envelope. However, safety con-
cerns and difficulty in excreting metal-based nanoparticles halted
their further development.'”! Nevertheless, the door stays open
for employing silver nanoparticles in lower doses as an adjuvant
to other anti-infectives such as carbenicillin.'%l

There seem to be three crucial factors that contribute to such
adjuvanted effects. First, the more cationic a molecule, the more
likely it is to have antimicrobial activity. Second, the higher
the alpha-helical structure of a peptide, the more rigid it will
be to thus disrupt the membrane and enhance the permeation
effect.!'””) Third, the collective effect of more than one acting unit
on the membrane can increase the activity in a near-exponential
manner up to a certain limit.'%] It is worth noting that the first
two factors are correlated with increased mammalian toxicity that
makes it tricky to translate such materials to the clinic. In our per-
spective, multivalent membrane-active drug conjugates can have
a much higher collective potency as all units get to exert their
effect simultaneously in analogy to membrane attack complexes
(MAC) embracing the biomimetic approaches.!'?”)

2.2.2. Binding to the Bacterial Cell Envelope (Bio-Adhesion)

Finding molecules that specifically bind to bacteria but not to
mammalian cells is usually the bottleneck in developing targeted
anti-infective therapies. As shown in Figure 5B, some features
of the bacterial cell envelope have already been identified as tar-
gets, which may allow the development of “magic bullets” espe-
cially for Gram-negative bacteria.l''’! Potential targets for achiev-
ing bio-adhesion to bacteria are:

® The overall pronounced anionic character

® LPS molecules, which form the outer leaflet of the outer mem-
brane

e Divalent cations that are needed to stabilize the LPS

Lipid A, as a specific component of LPS which is not found in

mammalian cells

® The lectins; LecA and LecB

In addition to more or less specific binding, some molecules
can also destroy the bacterial, but not the mammalian cell

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 2. Examples of innovative materials and applications involving specific binding (bio-adhesion) to Gram-negative bacteria.

Target Localization Material Regulatory status Mechanism Application Reference

Lipid A Inner leaflet of the  Lipid A analogs, e.g., eritoran Failed in phase 3 Mimics Lipid A to disrupt Gold clusters [113,114]
LPS the outer membrane

LPS Outer membrane  Polymyxins, e.g., colistin and Approved Binds to and PMB-loaded cubosomes [115,116]
polymyxin B compromises the LPS

LecA and LecB Periplasmic space Carbohydrates
In between the

lipid molecules

Peptide-membrane
interactions

Membrane-active peptides,
e.g., PEGylated LL-37

Investigational

Clinical phase 2

Blocks LecA and LecB  Surface modified polymeric ~ [117,118]
nanoparticles
Interact with the bacterial Photodynamic NP

decorated with TAT

[103,119,120]
membrane

membranes. The selective destruction of membranes takes place
by crystallization,'''! hydrophobic interactions with membrane
lipids, formation of ion-permeable channels in the bacterial
membrane by peptide-assemblies, and peroxidase-like activity via
the release of H, 0, into the membrane.!'""11?)

As Table 2 illustrates, such specific binding materials are of-
ten employed to decorate the surface of nanocarriers to make
them bio-adhesive to bacteria and to release their cargo in
close vicinity to their target. Researchers can design a car-
rier compatible with the cargo and the needed loading ca-

Materials and structure

Liposome

Micelle

Dendrimer

pacity, as shown in Figure 6. A wide variety of nanoparticles
have been created with different combinations and increased
complexity, for example by loading a second active molecule
in the coating or by using the polymeric core as an active
antimicrobial.

Among pharmaceutical polymers, CS is widely used both as
a carrier and because of its bioadhesive and antimicrobial prop-
erties. Due to its pKa 6.5, it has the advantage to acquire a pos-
itive charge in slightly acidic pH that is likely to happen in the
inflammation sites (pH 5-6). The combination of CS with other

Surface functionalization

NH,  OH oH
H
HNT OH

Cargo (e.g. trobramycin)

Oligosaccharide

PN AN

Sl LA

cucov‘ciya

b,
)
N

Silica % Cationic moiety
Q
le)

o® Polymer

Figure 6. Nanocarriers can be made of different structures and materials (e.g., polymers, micelles, liposomes, inorganic materials) and functionalized
on their surface (e.g., with antibodies, lectin-binding oligosaccharides, peptides, cationic moieties, etc.,) for targeted delivery of anti-infective cargos
(e.g., tobramycin as shown here) across bacterial barriers.
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materials can also increase the stability of a drug carrier to deliver
other anti-infective molecules.[1>121]

A recent study showed that it is possible to harness the natu-
ral machinery found in Photorhabdus asymbiotica to inject macro-
molecules into cells. Although this was so far demonstrated for
the delivery of CRISPR-CAS9 into mouse cells, such an approach
would have enormous potential for anti-infective therapies if it
could be translated also to bacteria./'??!

2.2.3. Exploitation of Specific Transport Pathways (Trojan Horse
Approach)

The Trojan horse approach refers to conjugating one or more an-
timicrobials to a carrier molecule to achieve uptake by bacteria
in a camouflaged manner via nutrient transporters. The drug ei-
ther exhibits its action in the conjugated form or is released from
the carrier molecule to become active. The transporters should
be expressed mainly in bacteria with no or little expression in
mammalian cells.

The most investigated transporters for this approach are
the Ton-B-dependent transporters by utilizing siderophores as
the carrier molecules. Researchers could have known approved
antibiotics conjugated to native or artificial siderophores and
show increased activity. The same approach is being further
investigated by targeting the bacterio-specific siderophore re-
ceptor FepA.['2%124] Recently, another research could conjugate
siderophores to TonB box peptides to allow better uptake into
the bacteria, resulting in a superior antimicrobial activity in
iron-limited growth media.['>! However, conjugating drugs with
siderophores comes also with some drawbacks. Most impor-
tantly, bacteria can develop resistance by down-expressing the
transporter leading to reduced uptake of the conjugate in the first
place. A handful of molecules have been tested preclinically and
clinically in this regard such as pirazmonam (Squibb), U-78608
(Upjohn), SMC-3176 (Astra-Zeneca), BAL30072 (Basilea), and ce-
fiderocol (Shionogi). For the majority of them, the components of
the iron transporter system got mutated or downregulated. This
was avoided in the case of BAL30072 when using iron-limited
media.l'”®l The latter may be indeed relevant for clinical settings
like urinary tract infections due to low levels of iron in urine.
Nevertheless, resistance is likely to develop elsewhere in the hu-
man body and render the potential antibiotic inactive.!'”’”] Fur-
thermore, cefiderocol was approved as a drug product in 2020 by
both EMA and FDA.l'?812]

Alternatively, the Trojan Horse approach can also be imple-
mented for passive transporters like the, e.g., LamB channel for
maltose. Researchers have conjugated trimethoprim to maltose
with a disulfide bridge as a release mechanism and proved that
this leads to better accumulation inside the bacteria. However,
they failed to demonstrate the superiority of the conjugate to free
trimethoprim in terms of antibacterial activity that is expected
because trimethoprim is a small molecule and permeability is
not the limiter for its activity.mo] Additionally, others used a mal-
totriose conjugate, which was validated to be taken up by bacteria
using the LamB channel.I"3')
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2.3. Infection-Triggered Drug Delivery

A promising strategy to selectively deliver potent anti-infectives
to their bacterial targets is by conjugating the active agent to
moieties that can only be bio-degraded by microenvironmental
conditions related to the infection or under specific biochemical
stimuli to release the drug. Most relevant strategies rely on ma-
terials that can be cleaved in the acidic pH found at the infection
site or by an enzyme that is secreted either by the pathogen or
the host as a response to the infection. The key to accomplishing
this is a very good understanding of disease-related pathology
and microbiology as well as the provoked microenvironment.

Bacterial-selective targeting was achieved by conjugating the
antibiotic colistin to a modified fragment of the human AMP
(ubiquicidin) by introducing a linker that is cleaved at infection
sites by neutrophil elastase to release colistin.[*? Similarly, a
desferrioxamine B-ciprofloxacin conjugate with “trimethyl-lock”-
based linkers designed to release the antibiotic after exposure to
bacterial esterase was reported to exhibit good antimicrobial ac-
tivity against different bacterial strains.!"**] Bacterial enzymes se-
creted into the biofilm matrix can also trigger drug release. En-
zymatic release via bacterial gelatinase and hyaluronidase was
also achieved by doxycycline-loaded core-shell nanoparticles. The
gelatin core was surrounded by a double coating of CS and
hyaluronic acid from the inside out. The nanoparticles were ap-
plied to an in vitro and ex vivo wound infection model of Vib-
rio vulnificus biofilms. Upon exposure, the outermost shell layer
composed of hyaluronic acid was degraded by hyaluronidase
present in the EPS. The underlying CS layer enhanced the pen-
etration and retention of the nanoparticles into the EPS. Eventu-
ally, swelling of the CS core increased access of bacterial gelati-
nase to the gelatin causing subsequent core degradation and drug
release leading to high biofilm penetration and eradication effi-
cacy in comparison to the free drug.!"**!

The concept of infection-triggered drug delivery can also be
synergistically combined with adjuvanted carrier molecules. A
pH-responsive polymer-drug conjugate made of a biodegradable
cationic polymer HEX-Cys-DET and streptomycin was designed
for this purpose.''**] The conjugate is neutral under normal phys-
iological conditions but becomes positively charged in infected
tissues with low pH, resulting in antibiotic release as well as
enhanced activity of streptomycin because the polymer can in-
duce pores in the bacterial membrane that improves the trans-
port of the antibiotic into the bacteria. In addition to its effect
on planktonic bacteria, the conjugate was found to effectively
penetrate bacterial biofilms as well as being taken up by mam-
malian cells that might be needed to combat intracellular infec-
tions. Subsequently, this supports the conclusion that acidic pH
in biofilms can be utilized for the concept of infection-triggered
release. In this regard, cationic farnesol-loaded nanoparticles
were formulated to have the ability to retain at the infection
site for longer times due to their affinity to biofilm and pelli-
cle. The pH-responsive core, made of 2-(di-methylamino)ethyl
methacrylate, butyl methacrylate, and 2-propylacrylic acid, re-
leased the loaded drug inside the biofilm. This led to an 80%
reduction of the biomass of S. mutants in vitro and attenuate
the number and severity of carious lesions in vivo. This sys-
tem was further modified and enhanced by the same research
group to achieve a higher acid sensitivity and enhance the biofilm

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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reduction capacity.'***] Responsiveness to pH is one of the
most frequently used triggering strategies. However, this con-
cept can also be implemented to deliver non-drug species. For
instance, nanoparticles were designed to release radicals in the
proximity of the bacteria to allow for membrane destruction and
thus bacterial killing at very low concentrations.!'*)

Infection-triggered drug release can be combined with biofilm
penetrating approaches to further enhance biofilm eradication
and decrease off-target effects. To combat chronic lung in-
fections, azithromycin-conjugated nanoparticles were produced
with the ability to form size and charge adaptive clusters. These
clusters are negatively charged in physiological pH enabling long
circulation and accumulation in infected lung tissues. However,
in acidic microenvironments as found in biofilms, these NP clus-
ters can disassemble and release azithromycin-conjugated PA-
MAM nanoparticles. This conversion is accompanied by a size
decrease from 112 to 6.5 nm and a charge reversal from —2.2 to
+23.8 mV. The released nanoparticles with small size and pos-
itive surface charge exhibited excellent penetration and reten-
tion capabilities accompanied by an antibacterial effect against
P. aeruginosa biofilms in vitro and in vivo.**") Intensive research
in the field of infection-triggered drug delivery will not necessar-
ily require the development of novel anti-infective molecules. By
boosting their antimicrobial activity and reducing undesired off-
target effects it may even be possible to improve the potency of
existing anti-infectives that could not yet reach clinical applica-
tions so far.

3. Advanced In Vitro Models for Developing
Anti-Infective Therapies, Especially by Improving
their Delivery

The need for novel anti-infectives and the problem of AMR has
been well recognized by the scientific community and already
led to many novel concepts and approaches in the last decade.
Nevertheless, to facilitate the translation from bench to bed, pre-
dictive infection models for the preclinical development of such
drug products are a necessity. Similar to the development of new
anti-infective molecules, the development of novel drug carriers
and formulations requires testing for both safety and efficacy. For
the purpose of this perspective, we will discuss in particular pre-
clinical models with a focus on pulmonary infections and drug
delivery.

Animal models are considered essential, mainly because of
the necessity of investigating immune responses as well as host-
pathogen interactions. For many years, the known physiological
differences between animals and humans in addition to their dif-
ferent responses and sensitivity to human pathogens have raised
great concerns regarding the predictivity of such animal mod-
els for clinical outcomes."*""'*2] Furthermore, the use of in vivo
models for experimental reasons is restricted by legal regulations
because of ethical concerns.!' Each project that includes the
use of animal models must be evaluated by ethics committees
to confirm that it follows the “3R-rule”: Replace, Reduce, and
Refine.l'*!

Animal models for chronic infections implicate an addi-
tional challenge due to the timelapse needed to develop the
infection.'*! For instance, a classic model to mimic chronic P.
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aeruginosa lung infections starts with an inoculum of bacteria
embedded in agarose or alginate beads to prolong the survival of
the animal and hence the life span of the experiment.!'*?) Apart
from the open question of whether the biofilm is really growing
on the pulmonary mucosa rather than only in the agar beads, this
model is problematic, because some of the animals do not even
get sick while others die immediately, and only a small fraction of
the animals develop symptoms that can be used to measure the
anti-infective effect of a given treatment. Moreover, for this group
of animals, the course of the experiment is extremely painful.

All these concerns, drawbacks, and restrictions necessitate the
use and development of alternative methods to animal testing.
An important milestone in this field is probably the recent FDA
Modernization Act 2.0.'%] By replacing the former law from 1938,
animal experiments are no longer mandatory for testing new
drugs before entering clinical trials. This development already
has and will still further stimulate the research on alternative
models. Those are typically based on advanced in vitro techniques
like, e.g., native or reconstituted tissues, novel cell lines, organs-
on-chip, micro-physiological systems (MPS), and other CIVMs.
In the future, in silico approaches like computer models, simu-
lations and artificial intelligence will become increasingly impor-
tant.

3.1. Biofilm Models

For modeling chronic infections, typically involving bacterial
biofilms, there is no “gold standard” as each model may provide
an answer to a specific question. In vivo models always impli-
cate the suffering and killing of animals and at the same time are
limited by (patho-)physiological differences to humans. In con-
trast, in vitro models may be based on human cells and tissues,
allowing to reduce the complexity of a living organism to the bio-
logical factors of interest. Making reliable observations in a con-
trolled environment is essential for the necessary validation of
any model — either in vivo or in vitro — to eventually predict clin-
ical outcomes.

3.1.1. “Biofilm-Only” Models

The first biofilm models were based on bacteria seeded on plastic
surfaces either under static conditions, e.g., microtiter plates, or
dynamic conditions, e.g., flow cells.l'*! Such relatively simple in
vitro models offer high reproducibility, reliable read-outs, and a
rather high throughput, which is essential in early drug develop-
ment. However, the lack of any host factors or even host-pathogen
interactions makes it difficult to draw further-going conclusions
based on these studies. Moreover, such simple models are often
based on laboratory bacterial strains like P. aeruginosa PAO1. The
latter has the advantage of being rather robust and relatively safe
to work with, but its mushroom-like structures are not observed
in clinical situations. Assays with laboratory strains may there-
fore cause a technical bias and were found to be of limited rele-
vance for the clinical situation, e.g., in cystic fibrosis patients |'4’)
The problem with clinically relevant strains, on the other hand,
is that they don’t adhere well to plastic surfaces and are easily
washed away in these experiments.!'*]
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Antimicrobial resistance is becoming more prominent day after day due to a number of mechanisms by microbes,
especially the sophisticated biological barriers of bacteria, especially in Gram-negatives. There, the lipopoly-
saccharides (LPS) layer is a unique component of the outer leaflet of the outer membrane which is highly
impermeable and prevents antibiotics from passing passively into the intracellular compartments. Biodynamers,
a novel class of dynamically bio-responsive polymers, may open new perspectives to overcome this particular
barrier by accommodating various secondary structures and form supramolecular structures in such bacterial
microenvironments. Generally, bio-responsive polymers are not only candidates as bio-active molecules against
bacteria but also carriers via their interactions with the cargo. Based on their dynamicity, design flexibility,
biodegradability, biocompatibility, and pH-responsiveness, we investigated the potential of two peptide-based
biodynamers for improving antimicrobial drug delivery. By a range of experimental methods, we discovered a
greater affinity of Arg-biodynamers for bacterial membranes than for mammalian membranes as well as an
enhanced LPS targeting on the bacterial membrane, opening perspectives for enhancing the delivery of anti-
microbials across the Gram-negative bacterial cell envelope. This could be explained by the change of the sec-
ondary structure of Arg-biodynamers into a predominant f-sheet character in the LPS microenvironment, by
contrast to the a-helical structure typically observed for most lipid membrane-permeabilizing peptides. In
comparison to poly-L-arginine, the intrinsic antibacterial activity of Arg-biodynamers was nearly unchanged, but
its toxicity against mammalian cells was >128-fold reduced. When used in bacterio as an antibiotic potentiator,
however, Arg-biodynamers improved the minimum inhibitory concentration (MIC) against Escherichia coli by 32
times compared to colistin alone. Similar effect has also been observed in two stains of Pseudomonas aeruginosa.
Arg-biodynamers may therefore represent an interesting option as an adjuvant for antibiotics against Gram-
negative bacteria and to overcome antimicrobial resistance.

1. Introduction for now we have to rely on the current classes on the market. The search

for novel antibiotics, especially against Gram-negative bacteria, faces

Antimicrobial resistance (AMR) is a process where microbes, espe-
cially bacteria, are rendered insusceptible to antimicrobial agents.
Frequently, bacterial species tend to become resistant to a whole class of
antibiotics once they learned to resist one member of the class. This
brings the endpoint of research from developing new derivatives of
existing antibiotic classes to developing rather chemically distant new
classes of antibiotics. There are no novel classes of antibiotics against
Gram-negative bacteria in advanced clinical trials so far, meaning that

many hurdles. New antibiotics have inadequate investment returns due
to the use as a last resort upon approval while preferring the well-
established antibiotics while also the discovery of new antibiotics is
technically very challenging. To combat this problem, researchers are
trying to extend the lifetime of the current antibiotics classes and to keep
them in use for as long as possible without significant emergence of
resistance. To achieve this, research must extend beyond drug discovery
to innovative drug delivery systems and combination therapy. As a
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solution, the concept of antibiotic enhancers or potentiators is pro-
moted. An antibiotic potentiator is a molecule that is not antimicrobial
by itself but rather enhances the activity of an antibiotic restoring its
susceptibility against resistant bacteria.[1-4] Small organic molecules
were long investigated in this field, especially in synergy with colistin
aiming to reduce the required dose to avoid resistance. [4,5] Larger
macromolecules were also recently shown to be increase the efficacy of
many antibiotics, opening doors for potential uses in drug delivery field.
[6-9]

The World Health Organization has classified resistant bacteria into
priority lists. All three bacterial organisms in the critical list are Gram-
negative. Due to the high complexity of the membrane of Gram-
negative bacteria along with other factors, they have developed resis-
tance against most of the classes of antibiotics, resulting in case reports
for multi-drug resistant organisms (MDRs), especially in nosocomial
settings. The complex cell envelope of Gram-negative bacteria repre-
sents a special barrier controlling the bacterium’s incoming substances.
This Gram-negative bacterial cell envelope consists of a lipid bilayer as
the inner membrane, a periplasmic space made of peptidoglycan, and
finally an outer membrane made of two leaflets; an inner leaflet of lipids
and an outer leaflet of lipopolysaccharide (LPS) molecules. For some
bacterial species, there is also the S-layer, composed of glycoproteins.
The essential element of the Gram-negative bacteria cell envelope are
the LPS. An LPS molecule consists of three main elements, namely, lipid
A, core sugars, and O-antigen. LPS are tightly bound together by the
divalent cations interacting with neighboring molecules, leading to a
very tight biological membrane. Very few types of molecules can pass
through the LPS barrier, namely small neutral hydrophilic molecules
like amino acids, water, and soluble gases. Almost all of the classes of
antibiotics have intracellular targets in the bacteria, meaning that the
uptake is a prerequisite for activity. This leaves few uptake mechanisms
for an active antimicrobial to be taken up, e.g., porins, simple passive
diffusion, and active transporters. However, the structural features that
would favor uptake rarely align with structure-activity prerequisites for
antimicrobial activity. This gap, however, can perhaps be overcome by
identifying compounds that selectively interact with the LPS leading to
an enhanced permeability of the bacterial but not mammalian cell
membranes.[9] Yet so far, membrane-active antibiotics, e.g., colistin
and polymyxin B, may skip the uptake prerequisite for antimicrobial
activity, but with collateral damage to the mammalian membrane due to
their surfactant-like nature resulting in serious side effects. Therefore,
they are a last resort in infection management guidelines and extensive
research is ongoing to find safer alternatives.[9,10]

Here, we describe biodynamers as candidate potentiators for anti-
biotics. Biodynamers have been extensively researched and already been
characterized in literature. [11-15] They are polymerized between
amino acid hydrazides and hexaethyleneglycol-conjugated carbazole
dialdehydes by dynamic covalent chemistry, leading to the ability to
dynamically polymerize and depolymerize upon certain chemical
stimuli. When made of amino acids, biodynamers can be considered a
mimic of polypeptides. Due to their amphiphilic nature, they form
single-chain nanorod structures, with a carbazole core and a poly-
ethylene glycol (PEG) shell. In comparison to plain poly-L-arginine, Arg-
biodynamers have some special features. Besides the aforementioned
formation of supramolecular nanorod structures, their reduced charge
density leads to favor their biocompatibility. Additionally, their PEG
shell improves solubility as well as stability against enzymatic degra-
dation in biological settings. Also, the biodynamers discussed in this
manuscript are expected to have decreased protein adsorption on its
surface due to the presence of 6 units of PEG. [15] In contrast to static
conventional biopolymers, biodynamers can prioritize structural
adaptability through reversible covalent bonds and supramolecular in-
teractions to rearrange their areas and monomers in response to envi-
ronmental factors. Recently, cationic lysine-based biodynamers gained
interest due to their pH-dependent morphological and optical proper-
ties. Since pH can impact both size and structure of these biodynamers, a
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great potential for applications can be unlocked.[12.13]

In this study, we explore the potential of biodynamers as adjuvants to
antibioties to potentiate their effect against Gram-negative bacteria. Due
to the previous evidence and research which show that arginine and
lysine-rich peptides could target LPS, we focused our research on those
two derivatives. [16] For this purpose, a combination of biological as
well as chemical, and physical methods is needed. We also investigated
their membrane interactions via high-resolution techniques, e.g., scan-
ning electron microscopy and circular dichroism spectrometry. Our aim
is to provide a first-reported potentiation mechanism.

2. Materials and methods
2.1. Materials

A549 cells (ATCC ACL107) were obtained from the DSMZ
(Braunschweig, Germany). Monocytic cell line THP-1 (ACC 16) was
obtained from DSMZ (Braunschweig, Germany). RAW264.7 cell line was
obtained from ECACC (Salisburg, UK). E. coli DSM 6897, PAO1 (DSMZ
22644), and PAl14 (DSMZ 19882) were obtained from DSMZ
(Braunschweig, Germany). E. coli ClearColi BL21 cells were obtained
from LGC Genomics GmbH (Berlin, Germany). RPMI 1640 medium,
DMEM, FCS, and Trypsin-EDTA were obtained from Thermofisher sci-
entific (Waltham, USA). Hanks’ Balanced Salt Solution (HBSS) was ob-
tained from Gibco™ (Paisley, Scotland). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromid “MTT reagent” (CAS: 298-93-1) was
obtained from Sigma-Aldrich (St. Louis, USA). PMA (phorbol-12-myr-
istate-13-acetate) (CAS: 16561-29-8) was obtained from Sigma Aldrich
(St. Louis, USA). Mueller Hinton broth (MHB) was obtained from
Scharlau microbiology (Barcelona, Spain). M9 Minimal salts 5x Powder
was obtained from SERVA (Heidelberg, Germany). Poly-L-arginine
(CAS: 26982-20-7) was obtained from Sigma-Aldrich (St. Louis, USA).
Poly-L-lysine (CAS: 25988-63-0) was obtained from Sigma-Aldrich (St.
Louis, USA). TritonX-100 (CAS: 9036-19-5) was obtained from Sigma-
Aldrich (St. Louis, USA). Cys-TAT peptide was obtained from Gen-
Script (Rijswijk, Netherlands). Colistin sulfate (CAS: 1264-72-8),
Novobiocin (CAS: 1476-53-5), Fusidic acid (CAS: 751-94-0), Linezolid
(CAS: 165800-03-3), Clindamycin (CAS: 21462-39-5), Rifampin (CAS:
13292-46-1), Vancomycin (CAS: 123409-00-7), Trimethoprim (CAS:
738-70-5) were obtained from Adipogen (Fuellinsdorf, Switzerland),
Cayman chemical (Michigan, USA), Sigma-Aldrich (St. Louis, USA),
Activate Scientific (Prien, Germany), USBiological (Massachusetts,
USA), MP Biomedicals (Eschwege, Germany), Sigma-Aldrich (St. Louis,
USA) respectively. Paraformaldehyde solution (16 %) was obtained
from Thermofisher scientific (Waltham, USA). 488 NHS-ester was ob-
tained from FluoProbes (Arizona, USA).

2.2. Synthesis of Arg- and Lys- biodynamers and their respective quality
controls

The biodynamers were synthesized following the previously re-
ported protocol with some modifications. [11] In detail, it took place by
mixing 1 equivalent of carbazole hexaglycol dialdehyde with 1 equiv-
alent arginine or lysine hydrazide in deutrated acetic acid solution at pD
3.4 acidified deuterium oxide making a 10 mM solution of both re-
actants. The mixture was left reacting overnight with occasional mixing
and wet sonication to make sure that everything is well dissolved. As
quality controls, two methods (HNMR and Dynamic Light Scattering)
were applied to control for successful replication of the biodynamers
previously reported. [11-14] Reaction completion was monitored by
observing a depletion of the aldehyde protons as well as the broadening
of the protons on the HNMR due to successful polymerization, as shown
in Figures S12 and 513 at 10.2 ppm. Also, Dynamic light scattering was
conducted check for the size of the biodynamers using Zetasizer ZS Se-
ries (Malvern Instruments Limited, Malvern, UK) at 1 mg/mL concen-
tration, as shown in Figure S1. Afterwards, the mixture was washed with
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MilliQ water using Pall 3 kDa centrifugal filters three times. The syn-
thesized biodynamers were then stored at —20 °C. The biodynamers
were always neutralized before assays by having high dilution factors in
neutral media. The detailed chemical synthesis of the starting materials
and the corresponding NMRs can be found in the supplementary mate-
rials (Figures 56-512). For the sake of comparability, the molarity was
calculated using the molecular weight of the repeating unit of all the
polymers. The molecular weight of Arg- and Lys-biodynamers are 653.8
and 625.8 g/mol respectively.

2.3. Bacterial culture

To prepare an overnight culture of E. coli DSM 6897, a single uniform
colony was picked from any agar plate and put into 50 mL of Mueller
Hinton Broth (MHB) and left to grow overnight in an incubator at 37 °C
with 180 rpm. After overnight incubation, 50 pL of the cultured bacteria
were inoculated into 50 mL of fresh broth. When the bacteria reached
log phase (ODgqg 0.6-0.8), they were used and inoculate the microbial
assays. This strain was chosen for its comparability with previous studies
and follow up studies with resistant strains. [17,18]

2.4. Minimum inhibitory concentration (MIC) determination

The substance dilutions (2x dilution per step) were prepared in 96-
well plates (50 pL) in MHB with Tween 80 (0.002 %). Bacteria inoc-
ulum (50 pL of 2*10°4 CFU/mL) was added to all of the wells to make the
final bacteria concentration 104 CFU/mL. The MIC value was deter-
mined as the lowest concentration that showed no ODgq, difference from
the medium control after overnight incubation shaking at 180 rpm at
37 °C. Two replicates were done.

For LPS decoy experiment, LPS vesicles were pre-formed in the same
manner as for the circular dichroism experiments and then diluted to the
respective concentrations.

For experiments in different growth media, overnight cultures were
grown in MHB, then the bacteria was inoculated and assayed in M9
medium or RPMI 1640 supplemented with 20 mM of Glucose.

In order to calculate the w/v concentration to molar concentration,
the molecular weight of the one repeating unit of the polymers (Arg-
biodynamers, Lys-biodynamers, poly-L-arginine, poly-L-lysine) were
used. The molar concentration was used in this experiment as it corre-
sponds to the normality of the molecules to avoid any bias in the pre-
sentation of the data.

2.5. Synergy of combination treatments in bacterio

A dilution of substance A was performed along the 96-well plate rows
starting with 50 pL of 4x the target final concentration of substance A
diluted into 25 pL of plain medium each dilution step. Substance B di-
lutions were prepared independently into LoBind tubes at 4x the target
dilutions and then added on substance A in 96-well plate. Bacterial
suspension (50 pL of 4*10"4 CFU/mL) was added to all of the wells. All
the wells were prepared with MHB. Bacterial inhibition was indicated in
the wells that had no bacterial growth as per ODgoo after incubation for
overnight shaking at 180 rpm at 37 °C. Vancomycin and trimethoprim
generated turbidity due to precipitation when substance A and B were
mixed, otherwise ODggo was used. In these plates, 10 pL of PrestoBlue
was added to the well after the overnight incubation and the fluores-
cence (ex.: 560 nm, em.: 590 nm) of the wells was measured after 2 h of
shaking at 37 °C.

Fractional inhibitory concentration index (FICI) was calculated as
following:

MICofArgBDsinc
MICofArgBDsalone

7. P 2.

MICofth
MICoftheantibioticalone

FICI =
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2.6. Biocompatibility determination using MTT assay

A549 or RAW264.7 cells were seeded on 96-well plates in RPMI
medium supplemented with 10 % FCS (20,000 cells per well). The plates
were then incubated until cells reached confluency with fresh medium
added every 2 days. For THP-1, 80,000 cells per well were seeded into
96 well plates with DMEM medium supplemented with 10 % FCS and 30
ng/mL of PMA, so that differentiated THP-1 cells can adhere to the wells.
Then for all types of cells, they were washed twice with HBSS buffer
followed by the addition of sample substances in HBSS. For the dead
control, it was 1 % TritonX-100 in HBSS and the live control was HBSS.
The cells were incubated on 150 rpm shaking at 37 °C with 5 % COx.
After 4 h, sample solutions were removed and the cells were washed
once with HBSS. MTT solution (10 pL pf 5 mg/mL Thiazolyl Blue
Tetrazolium Bromide stock diluted with 100 uL. HBSS) were added to the
cells for 4 h while shaking. After another 4 h of incubation, the MTT
solution was removed and 100 pL of DMSO were added to dissolve the
MTT crystals for 30 min. Viability was calculated using the measured
absorbance at 550 nm as following:

Absssoofsample — Absssoofdeadcontrol
Absssooflivecontrol — Absssoofdeadcontrol

oviability = 100%
Three replicates were performed. The CCso (A549) was calculated using
GraphPad Prism 9 by fitting the data after assuming that the 7.8 pM
represents 100 % viability by nonlinear regression. Since no complete
killing of the cells with Lys- and Arg-biodynamers took place, CCs of the
biodynamers was approximated. The molar concentration was used in
this experiment as it corresponds to the normality of the molecules to
avoid any bias in the presentation of the data.

2.7. Visualization of bacteria permeabilization with PI

First, Arg-biodynamers were synthesized using the standard way as
described before, with the following adjustments: The hydrazide content
added for the reaction was 70 w/w% arginine hydrazide and 30 w/w%
lysine hydrazide. To label the Arg-biodynamers, 20 w/w% of FluoProbes
488 NHS-ester was added after adjusting the pH to 8 using triethanol-
amine and placed at room temperature for a day. Afterwards, the
mixture was washed with MilliQ water using Pall 3 kDa centrifugal fil-
ters until the ultrafilterate had fluorescence signal-to-noise ratio of less
than 2 compared to MilliQ water.

Using a log phase culture in MHB, a bacterial suspension of 10°8
CFU/mL of E. coli in sterile PBS (1 mL). Three different treatments were
applied to three different bacterial suspension in LoBind tubes. The first
was a negative control of untreated bacteria with 30 pM of PI. The
second treatment was 0.1 w/w% final concentration of TritonX-100
with 30 uM of PI serving as a positive control. The third treatment
was labeled Arg-biodynamers with a final concentration of 128 pg/mL,
which represents a concentration at which synergy with colistin was
shown, with 30 uM of PI. The samples were incubated for 15 min fol-
lowed by precipitation in a centrifuge cooled to 4 °C at 5,000 g for 5min,
washed twice with PBS and resuspended in 1 mL 4 % paraformaldehyde
(PFA) in PBS for 15 min. For the low-dose (10 pg/mL) Arg-biodynamers-
treated bacteria, the fixing by PFA was done on the second day of the
experiment. At this low concentration, the arrangement of the Arg-
biodynamers on the suiface is expected to be shown when the surface
is not saturated with Arg-biodynamers. The bacteria were again washed
once with PBS. Then the bacteria pellet was suspended in a low volume
20 pL, one drop was added to a glass slide, and mixed with a drop of
DAKO fluorescence mounting media and covered with a glass slide.

The slides were then visualized with Leica TC SP8 (Leica Micro-
systems, Wetzler, Germany) with a 63x water objective (HC PL APO CS2
63x/1.20 WATER). The specifications of the measurement were as fol-
lows: argon laser intensity = 30 %, wavelength laser for excitation for
labeled Arg-bioynamers = 488 nm (intensity of 4 %), emission for
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labeled Arg-bioynamers = 494-563 nm, wavelength laser for excitation
of PI = 514 nm (intensity of 0.3 %), emission for PI = 608-725 nm. The
signal was measured in sequence not simultaneously using HyD detector
with a gain of 100, and pinhole 111.4 ym. A line average of 2 was
applied. Resolution was 1024 x 1024. A z-stack was created over a span
of around 9 pm above and below the bacteria. Scan speed was 400 Hz.
For the low-dose sample (treated with 10 pug/mL Arg-biodynamers),
the imaging was performed similar described above with the following
adjustments: wavelength laser for excitation for labeled Arg-bio-
dynamers = 488 nm (intensity of 20 %), wavelength laser for excitation
of PI = 514 nm (intensity 1 %) to be able to visualize the low amount of
labeled Arg-biodynamers and low amount of taken up PL The PI signal
was later increased to be able to see the bacteria morphology as the
taken-up amount is negligible with 10 pg/mL of Arg-biodynamers.

2.8. Visudlization of morphological changes of the bacterial membrane
upon treatment

E. coli suspension (190 pL) in the log phase (OD 0.4-0.8) was incu-
bated for 2 h in PBS in a 96-well plate with the treatment 200 pug/mL
(final concentration) of Arg-biodynamers suspended in 10 pL or without
treatment by adding the respective volume of MilliQ water as the Arg-
biodynamers (10 % of the total volume). There was no in-between
washing to keep the Arg-biodynamers on the bacteria surface. Shortly,
sterilized silicon wafers were put at the bottom of the 96 well plate. After
2 h, 50 pL of 16 % paraformaldehyde was added for 1.5 h without
shaking the well to cross-link the bacterial cells. The cells were then
washed very carefully with increasing amounts of ethanol starting from
30 % to 100 % using 10 % steps and then all solution was removed to
keep only the pellet. Finally, hexamethyldisilazane was added for 10
min to dry the sample and then removed. The wafers were left under the
hood for ovemight to completely dry. The wafers were then gold-
sputtered using Quorum Q150R ES sputter-coater (Gala Instrumente
GmbH, Germany) and visualized under the SEM using Zeiss EVO HD15
(Zeiss, Germany) with voltage of 5 kv.

2.9. Molecular interactions and conformational changes determination in
different bacterial microenvironments

The method was adapted from a previously reported protocol with
some changes.[19] In detail, a Jasco 1500 spectropolarimeter (Gross-
Umstadt, Germany) was used to measure the CD spectra were obtained
at 24 °C in 1 mm path length quartz cell. The setting for the
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measurements were as following: Bandwidth = 1 nm, Range = 175-600
nm, No. of accumulations = 16 (which were averaged to give the
resulting spectrum), Scanning speed 20 nm/min. All samples were sus-
pended in 50 mM phosphate buffer. The concentrations of Arg-
biodynamers, LPS, POPG were 300 puM, 10 mg/mL, 3.4 mM, respec-
tively. After the environment background subtractions, the spectra were
analyzed with CONTIN algorithm only between 175 and 260 nm to get
the secondary structure information. a-helical = H(x) + H(d), p-sheet =S
(1) + S(d), Turns = Tm, and Unrd = random.

3. Results
3.1. Biocompatibility of biodynamers

To avoid the pitfall of designing some non-selective, unsafe antibiotic
potentiator, we determined the biocompatibility of the Arg- and Lys-
biodynamers with mammalian cells (A549 cells), compared to their non-
dynamic analogs poly-L-arginine and poly-L-lysine, respectively. The
evaluation of the biocompatibility was determined via an MTT assay. At
low concentrations, poly-L-arginine and poly-L-lysine appear to first
increase viability to > 100 %, hinting that the cationic poly-amino acids
have a respiratory stimulating effect on the cells. As shown in Fig. 1, Arg-
and Lys-biodynamers showed a much better biocompatibility with A549
cells, especially Arg-biodynamers, which had a good safety profile until
4000 pM (2.7 mg/mL). Compared to its non-dynamic poly-amino acid
analog, we observed some > 128-fold improvement in biocompatibility
for Arg-biodynamers. Additionally, Arg-biodynamers was shown to be
safe for longer exposure times in previous studies. [11]

3.2. Antimicrobial effects and selectivity of biodynamers

The antimicrobial activity was determined using MIC assay against
E. coli as a representative of Gram-negative bacteria. As shown in
Table 1, Arg- and Lys-biodynamers showed some slightly decreased
antimicrobial ability by about 3-6 times compared to poly-L-arginine
and poly-L-lysine, indicating a limited potential of biodynamers as
stand-alone antimicrobials.

However, calculating the selectivity index (SI) by the ratio of
mammalian CCso over bacterial MIC, the favorable safety profile of
biodynamers becomes evident, as shown in Table 1. By comparing the
Arg-biodynamers with poly-L-arginine, it is at least 21-fold more selec-
tive towards bacteria. This observation hints that Arg-biodynamers are
capable of undergoing some specific interaction with the bacteria, not

150 Poly-l-arginine
" 1C5p=31.18 uM
e Poly-I-lysine
% 100 1C50=40.43 pM
-2 - Arg-biodynamers
X 50 1C5,>4000 pM
Lys-biodynamers
-y
|C50x 2963 HM
0- T T T T T
S O O OO D P PP
S P K
S S S APy ﬁ,&\o,@’”«g;("

Concentration (uM)

Fig. 1. Cytotoxicity (MTT assay) of different polymers on A549 cells incubated for 4 h in HBSS showing the relative safety of biodynamers on the mammalian cells
compared to their poly-amino acid analogs. Molar concentration represents the molar concentration of the repeating units of the polymers. Three replicates were
conducted. Datapoints represent the average and error bars represent standard deviation.
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Table 1
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Selectivity index (SI) calculations of different polymers showing the superiority of the biodynamers over their poly-amino acids analogs. Molar concentration rep-

resents the molar concentration of the repeating units of the polymers.

CCsg in A549 (uM)

SI (A549/E. coli) Fold improvement of SI

Polymer MIC in E. coli (uM)

Arg-biodynamers 3061 >4000
Poly-L-arginine 1000 62.53
Lys-biodynamers 1598 2570
Poly-L-lysine 250 32.25

>1.3 21
0.062
1.6 12
0.129

Minimum inhibitory concentrations (MIC), Cytotoxic concentration (CCs), Selectivity index (SI).

" Calculated by the ratio between SIgp/SIpoly-amino acid.

solely depending on their positive charge. Since Arg-biodynamers are
polymers, it is more plausible that they interact with the bacterial cell
envelope rather than an intracellular target. [13] In order to unravel
those complex interactions, we chose to study them with the isolated
components of the bacterial cell envelope. For its superior improvement
(21x) of the SI compared to that of Lys-biodynamers (12x) over their
non-dynamic analogs, we decided to concentrate our subsequent in-
vestigations on Arg-biodynamers.

3.3. Antibacterial synergy of Arg-biodynamers with different antibiotics

Antibacterial checkerboard assay was conducted to assess the syn-
ergistic effect of Arg-biodynamers. The antibacterial checkerboard assay
was performed for combinations with a variety of antibiotics, repre-
senting a wide variety of physicochemical properties, antimicrobial
spectra, and mechanisms of actions to explore different influences of
Arg-Biodynamers on different categories of antibiotics. Sub-MIC con-
centrations of Arg-biodynamers, ranging from 64 ug/mL to 1024 ug/mL,
and Sub-MIC concentrations of antibiotics (colistin, novobiocin, fusidic
acid, linezolid, clindamycin, rifampicin, vancomycin, and trimetho-
prim) were combined to observe bacterial growth inhibition after
overnight incubation to investigate the effect of titrating different Arg-
Biodynamers concentrations on the efficacy of antibiotics in
combination.

The additive effect was plotted as a red line in Fig. 2, while anything

below is a hint towards synergistic effect. As shown in Fig. 2, the most
benefiting antibiotic from such synergy was shown to be colistin with a
staggering 32-fold improvement at inhibiting bacterial growth and a
fractional inhibitory concentration index (FICI) of 0.125. A FICI below
0.5 is considered synergistic, meaning that colistin, linezolid, and
novobiocin were synergistic with Arg-biodynamers while fusidic acid,
rifampin, and clindamycin are borderline (0.5 < FICI < 1.0). On the
other hand, vancomycin and trimethoprim were shown to be antago-
nistic (FICI > 1.0), as summarized in Table 2.

3.4. Bacterial membrane and Arg-biodynamers interaction

To further probe the interaction between Arg-biodynamers and the
LPS-rich bacterial membrane, we first visualized its impact on mem-
brane structure using scanning electron microscopy (SEM). As shown in
Fig. 3, one can observe a few structural changes. Most obviously, the
surface roughness of E. coli was increased when treated with sub-MIC
concentrations of Arg-biodynamers. This suggests a tendency for Arg-
biodynamers to directly affect the outer membrane of the Gram-
negative bacteria. Furthermore, the size of the bacteria seems to be
shrunk, which could align with an increased water leakage due to
membrane permeabilization.

To further confirm that Arg-biodynamers is acting on the bacterial
cell envelope, E. coli were treated with 128 pg/mL of labeled Arg-
biodynamers (L-Arg-bioynamers) and PI to investigate the membrane
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Fig. 2. Checkerbaord assays using E. coli for different antibiotics in combination with Arg-biodynamers. Every black point represents complete inhibition of bacterial
growth. The red line represents a perfect additive effect meaning that below this line, synergy is probable and above this line, antagonism is probable. The MICs of
Arg-biodynamers, colisitin, fusidic acid, linezolid, clindamycin, rifampicin, vancomycin, trimethoprim were 2048, 0.5, 128, 256, 128, 128, 16, 32, 512 pg/mL
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Tested antibiotics in combination with Arg-biodynamers highlighting the achieved improvement of the MIC value compared to MIC for the antibiotic alone in E. coli.
Antibiotics Target Maximum fold improvement of MIC FICI LPS-related mechanism References
Colistin Cell membrane 32 0.125 Yes [38]
Novobiocin DNA gyrase 16 0.375 Yes (LptB agonism) [39,40]
Fusidic acid Protein synthesis 8 0.563 N/A [41]
Rifampin Polymerase 8 0.625 N/A [42]
Linezolid Protein synthesis 4 0.625 N/A [43]
Clindamycin Protein synthesis 4 0.75 N/A [44]
Trimethoprim Folate pathway N/A 1 N/A [45]
Vancomycin Cell wall synthesis N/A >1 N/A [46]

Fractional inhibitory concentration index (FICI), Lipopolysaccharide (LPS).
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Fig. 3. Scanning electron microcopy of E. coli after sample preparation (a) without treatment and (b) with 200 pg/mL Arg-biodynamers, with zoom in on each panel.

permeabilization degree using confocal laser scanning microscopy
(CLSM). Note that the PI is not membrane penetrable, so only it pene-
trates the cell membranes in the presence of a permeabilizing agent. As
shown in Fig. 4 (a), the negative control showed no autoflorescence or
background for the measured channels while the positive control was
0.1 % TritonX surfactant which permeabilized the bacteria successfully
and formed a structure known as “Bacterial Spheroplasts™ (Fig. 4 (b)).
[20] Meanwhile, we visualized the localization of the L-Arg-bio-
dynamers in the bacteria. As shown in Fig. 4 (c), after very transient
incubation (15 min) with the L-Arg-biodynamers followed by immediate
cross-linking, we could observe a green signal (L-Arg-bioynamers) in all
of the cells. For the red signal (PI), it was also observed in most of the
bacteria treated with L-Arg-biodynamers.

If L-Arg-biodynamers internalized with the PI, the merged images
should exhibit yellow color. However, most bacteria can show a domi-
nating red signal (internalized PI) engulfed with green borders (L-Arg-
biodynamers) which suggests that L-Arg-biodynamers primarily localize
on the cell membrane. Nevertheless, colocalization of the red and green
signal inside the bacteria could be attributed to partial degradation of
saturation of the florescence signal on the surface of the bacteria or
partial degradation of Arg-biodynamers via pH-dependent dynamic
covalent chemistry allowing its internalization into the bacteria. [12] It
is worth noting that E. coli bacterial cultures pH was around 6 after
overnight growth by a simple litmus paper test although the growth
medium was originally neutral.

Additionally, we performed imaging after a longer time without
cross-linking until one day later to see how L-Arg-bioynamers would
look like after a while on the surface of the bacteria, meaning that
bacterial cells were left with no cross-linking and the Arg-biodynamers
treatment was removed, as shown in Fig. 4 (d). A very interesting
observation was to see assemblies of Arg-biodynamers on the surface of
the bacteria as if L-Arg-bioynamers molecules assembled into agglom-
erated structures on the outer membrane of the E. coli cells, leaving some
uncovered areas. As shown on Figure 52, just 25 % of the PI was found to
be taken up into the bacteria which indicates only a mild damage to the
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membrane, which aligns with the relatively higher MIC of Arg-
biodynamers.

3.5. Molecular interactions of Arg-biodynamers with the bacterial
membrane components

Circular dichroism (CD) spectroscopy was performed for Arg-
biodynamers in different microenvironments to determine the confor-
mation of the Arg-biodynamers on the molecular level. Arg-
biodynamers was measured in plain buffer, POPG, and LPS solutions
while subtracting the background composes of each solution, and the
resulting spectra are shown in Fig. 5. Arg-biodynamers in POPG seem to
a flatter spectrum but maintain a similar CD spectrum as the plain buffer
with no significant changes in absorption pattern. LPS induces a major
change in the Arg-biodynamers spectrum resulting indicating a different
secondary structure. [21]

Since biodynamers are peptide mimetics, the CONTIN algorithm was
applied on the spectra to determine the secondary structure of Arg-
biodynamers, as shown in Fig. 6. It can be noted that the Arg-
biodynamers secondary structure changes minimally when it is with
POPG. However, Arg-biodynamers with LPS changes to p-sheets with a
substantial decrease of the unordered portion (from 38 to 8 %) hinting
that such change is thermodynamically favorable.

CD is a powerful technique which also allows a more than just
knowing the secondary structure by looking at the longer wavelength
region of the spectrum to gain information about the tertiary structure or
even the side chains environment for proteins, peptides or even DNA.
Arg-biodynamers have aromatic systems with nitrogen atoms in
hydrazones/imines on their backbone and the carbazole core, which
interact with the polarized UV light at regions higher than 240 nm as
shown in Figure S3. Analyzing CD findings in the 240-300 nm region
can be of relevance as reported in literature. It has been noted in liter-
ature that an absorption pattern, having a minimum at 260 nm and a
maximum at 295 nm, is associated with the formation of what is known
as “Anti-parallel G-quadruplex”. Interestingly, the Arg-biodynamers
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Fig. 4. Permeabilization of propidium iodide (red) into E. coli in the presence different treatment; (a) blank, (b) 0.1 % TritonX, (c) 128 pg/mL labeled Arg-

biodynamers (green) with immediate cross-linking,

(d) 10 pg/mL (low-dose) labeled Arg-biodynamers (green) with delayed cross-linking. The first three treat-

ments were done for 15 min, cross-linked immediately, while the low-dose Arg-biodynamers was treated for 15 min, but left without cross-linking for overnight to
allow for membrane-polymer arrangement. Also, the low-dose Arg-biodynamers treatment green and especially the red signals were increased using the software to
be able to see the bacterial morphology, however the uptake PI amount was negligible with the low-dose treatment. The scale bar is 2 ym. Arg-biodynamers; ArgBD.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

show such a particular CD spectrum in the presence of LPS (Fig. 6),
which can be explained by the arrangement of the Arg- blodyn'unels

around the phosphate moiety on the LPS in quadruplexes [2

4. Discussion

From the results of MTT and MIC, we demonstrated that cationic
biodynamers, especially Arg-biodynamers, are more selective to bacte-
ria than cationic polyaminoacids. By looking into the potential of Arg-
biodynamers as bacterial potentiators, one could calculate the in vitro
therapeutic index, where Arg-biodynamers can achieve colistin poten-
tiation at concentrations of just 64 ug/mL, while it is toxic to A549 lung
cells at > 2700 pg/mL. This is an improvement in the safety by a factor of
128 compared to poly-L-arginine. While still Arg-biodynamers and Lys-
biodynamers kept a very good safety profile in immune cells, which are
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typically more sensitive to macromolecules (Figure S4). Regarding the
electivity index for Arg-biodynamers as an adjuvant with colistin, the
ratio CCso (with A549) and the lowest concentration which synergizes
colistin, yields a selectivity index of > 41, which is rather acceptable for
1

further development and potential in vivo applications.[

Arg-biodynamers appeared to be effective as a potentiator at mass
concentrations > 64 pg/mL. However, as reported small molecule po-
tentiators have molecular weights in the range of hundreds of daltons
only, the molecular weight of Arg-Biodynamers was found to be 15-70
kDa depending on the synthesis and measurement methods which
translates to an activity in the pM range. [14] Interestingly enough, the
MIC of Arg-Biodynamers was found to be 64x more active (32 pg/mL) in
protein-free growth media (M9 and RPMI) compared to the complex
Mueller Hinton Broth (Table 52), which makes Arg-biodynamers appear
particularly promising for topical applications.
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Fig. 5. Circular dichroism of Arg-biodynamers in phosphate buffer, POPG, or
LPS using circular dichroism spectrometry. The spectra of Arg-biodynamers in
addition to buffer only, POPG in buffer, or LPS in buffer were subtracted from
the spectra without Arg-biodynamers to get the pure signal of the Arg-
biodynamers. Arg-biodynamers; ArgBD.

It is reported that the more arginine a peptide contains, the more
antimicrobial, but also the more cytotoxic it is.[25] On the other hand,
the secondary structure of a peptide is also known to play a major role
for the membrane activity of the peptide.[26] We hypothesize that the
biodegradability of the biodynamers, their decreased charge density,
and the PEG chain of Arg- and Lys-biodynamers are the reasons for
reduced mammalian cytotoxicity compared to poly-L-arginine or poly-L-
lysine. Especially, the PEG chain is expected to shield the charges of the
biodynamers, which can be shown by the zeta potential of Arg-
biodynamers, which was shown to be + 1.34 mV (+/- 0.203) hinting
a relatively neutral surface charge. The later reasons are thought as well
to be contributing to the superior antimicrobial efficacy of poly-
aminoacids. By favoring the interaction with the LPS-containing bacte-
rial over the LPS-free mammalian membrane, the capacity to
dynamically adopt their secondary structure to those different substrates
may explain the favorable safety profile of the biodynamers.

To further investigate the selectivity of biodynamers to bacterial
membranes, we conducted a few additional experiments. First, it is
evident from the SEM images that sub-MIC Arg-biodynamers influences
the surface roughness and structure. Our SEM findings are very similar
to an earlier study,[27] showing developed peptides (Pa-MAP2) to
interact with anionic components of the bacterial cell envelope. Their
atomic force microscopy (AFM) data show a similar increase of surface
roughness with Pa-MAP2 peptide, which was proven to interact with
LPS, POPG, and POPS. As we could show by SDS-PAGE (Figure 55), our
Arg-biodynamers has a molecular weight (15 kDa), which corresponds
to 25 repeating units and is well above the size limit of any known
bacterial transporters, which is typically around 600 Da.[28,29]
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Therefore, Arg-biodynamers may interact with the outer bacterial
membrane only while it is still in its polymeric form. It can also be seen
in literature that relatively hydrophilic and cationic molecules are more
probable to interact with the outer membrane than the inner membrane.
[5]

Secondly, to further investigate their impact on bacterial mem-
branes, we observed the Arg-biodynamers on the E. coli membranes
using CLSM. Our CLSM data show that Arg-biodynamers can be
assembled on E. coli membrane when in low amounts and kept for long
enough on the bacterial membrane large enough to be detectable by a
63x objective on a CLSM. This is similar to a recent discovery on the
mechanism of action of teixobactin. Shukla et al. could prove that teix-
obactin can form p-sheets on the bacterial membrane of Gram-positive
bacteria, specifically the lipid II component of the membrane.[30]
Additionally, p-sheet assemblies were found to also have membrane-
specific interactions with the lipid bilayer with peptides designed for
this purpose.[31] The Arg-biodynamers presented a similar tendency
but with the LPS. It has been shown recently that the formation of such
rigid ordered structures on the membrane of bacteria can lead to anti-
microbial activity, even in an established class of antibiotics like poly-
myxins, which was never discovered earlier during their development.
[32] However, to the best of our knowledge, our present study is the first
to report such an increased p-sheet formation as well as an antiparallel
quadruplex on the membranes of Gram-negative bacteria mediated by
an interaction with LPS. The tested LPS was extracted from E. coli, so a
validation for activity in other Gram-negative bacteria had to be proven
via MIC reduction assay in PAO1 and PA14 (Table S1), this interaction
can be extended to different strains of Gram-negatives. We propose that
p-sheet-forming polymers/peptides, which antagonize the LPS barrier,
could lead to a new path in antimicrobial research, analogously to
a-helical peptides, which destroy membranes by forming rigid structures
embedded inside lipid bilayers.[33]

We explored which factors on the bacterial membranes could
interact with Arg-biodynamers. The LPS is made of lipid A, core sac-
charides, and O antigen. Furthermore, lipid A is negatively charged and
has two sugars as well as a lipid tail. As per our CD results, charged
anionic POPG seems to not influence much the Arg-biodynamers’ sec-
ondary structure. As a support towards this hypothesis, we performed
combination treatment of normal E. coli and mutated ClearColi E. coli
having only the lipid A part (including the glucosamine sugars with the
charged phosphate) with colistin or colistin in addition to Arg-
biodynamers and even better synergy was observed than with the
normal E. coli (Table 51). Thus, it can be concluded that lipid A is the key
part of the LPS, responsible for the interaction. Additionally, the better
synergy hints that could be attributed to the lack of steric hinderance of
the LPS against Arg-biodynamers. It can be hinted that the interaction
with the LPS is not due to the lipid part of the charged lipid A because

= ArgBDs in buffer
= ArgBDs in POPG
Em ArgBDs in LPS

Unordered

Fig. 6. Secondary structure for as determined by circular dichroism spectropolarimeter showing drastic change of the secondary structure when incubated in

different media (buffer, POPG, and LPS). Arg-biodynamers; ArgBD.
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POPG does not show much interaction with Arg-biodynamers. Since the
charge of LPS is mainly attributed to the phosphate groups on the
glucosamine sugars of lipid A, we hypothesize that the primary inter-
action takes place between the positively charged guanidino groups of
Arg-biodynamers and negatively charged phosphate groups of lipid A.
As a secondary evidence of the interaction Arg-biodynamers with LPS,
decoy LPS could be observed to decrease the antimicrobial activity of
Arg-biodynamers indicating a confirmed ArgBD-LPS coupling
(Table S2).

It has been already shown that the antimicrobial protein colicin N is
likely to interact with lipid A in between the core sugars of the LPS,
which agrees as well with our hypotheses.[34.35] On the other hand,
peptidomimetics targeting LPS core-sugars were shown to not have
synergistic effects with colistin. This is in contrast with our results for
Arg-biodynamers, but fully aligned with our hypothesis that p-sheet
formation is essential for such synergy.[36] If additional experiments,
such as 2D 'H NMR or in silico simulations on the atomic level, are
conducted, this hypothesis may become more solid. However, broad-
ened and merged 'H NMR signals of Arg-biodynamers (Figure S13) and
the complicated structure of their repeating units causing tremendous
computing volumes will be limitations of any technique that needs to be
addressed.[19,27,37]

The tested antibiotics have a variety of action spectra as well as
different targets within a bacterium and very different physicochemical
properties. The most noted feature of the antibiotics with the highest
synergy was their mechanism of action, which has the LPS as a target
(colistin and novobiocin, Table 2). This has given us the motivation to
investigate the ArgBD-LPS interactions.

Aside from LPS-targeting antibiotics, we hypothesized that these
antibiotics are synergized due to their enhanced uptake passively
through the LPS layer. Although it is known that colistin can break down
the LPS layer integrity, Arg-biodynamers is thought to embed in be-
tween the LPS molecules so that colistin enabled to interact with inner
parts of the LPS layer (Lipid A) and exert its surfactant-like effect.
Another potential mechanism of potentiation of the Arg-biodynamers
for colistin is that they facilitate colistin to interact with the inner
membrane of the bacterial cell envelope at higher local concentrations.
[47]

Regarding novobiocin, it is not the first time that this antibiotic was
found to have synergistic effects with membrane-active molecules.
Synergy has been reported between novobiocin and colistin, however,
the underlying mechanism remains unanswered. Novobiocin happens to
be a LptB agonist. LptB is an LPS transporter, which transports LPS to the
bacterial membrane. This synergy is puzzling because if the LPS mole-
cules on the membrane increase via novobiocin, this can overwhelm the
colistin as an LPS-targeting antibiotic and decrease its efficiency in
contrast to what was observed.[39] Novobiocin was found to utilize
yddB porin for uptake into bacteria, however, it has been found a sig-
nificant portion can still take the passive non-facilitated uptake pathway
into the bacteria to its target (DNA gyrase). We hypothesize that one
reason for limited novobiocin antimicrobial activity is that novobiocin
increases LPS on the surface and, thus, has less passive non-facilitated
uptake of novobiocin itself.[43-52] We speculate that Arg-
biodynamers were able to synergize with novobiocin by decreasing
the MIC from 128 to just 8 pg/mL, bringing the MIC at only two folds the
MIC breakpoint in E. coli.[52] Therefore, colistin or Arg-biodynamers
could be the solution to break this loop of novobiocin decreasing its
own activity. This finding highlights the importance of the non-porin
dependent uptake pathway of novobiocin as a potential research area
to increase their spectrum to include Gram-negative bacteria.

5. Conclusions
In this study, we demonstrated that biodynamers, such as Arg-

biodynamers, may improve the delivery of antibiotics across the
Gram-negative bacterial cell envelope. In contrast to their non-dynamic
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analogs (poly-L-arginine), they undergo selective interactions with the
LPS-containing outer bacterial membrane without damaging mamma-
lian cells. In combination with different antibiotics, we thus observed a
potentiating effect, up to 32-fold in the case of colistin. As a mechanism
of action, Arg-biodynamers was shown to form assemblies with the
bacterial membrane aligned with a change of the secondary structure
with the LPS. Similar to the recently discovered interaction of teix-
obactin with lipid II in Gram-positive bacteria, Arg-biodynamers in-
teracts with LPS, which makes up the outer-most leaflet of the Gram-
negative bacterial cell envelope. The formation of weak points, but
without destroying this notoriously tight barrier, results in an improved
activity of LPS-hindered antibiotics in Gram-negative bacteria. This
qualifies Arg-biodynamers as an interesting potentiator/adjuvant with a
novel mechanism for existing antibiotics in the battle against the noto-
riously hard-to-treat Gram-negative bacteria and antimicrobial
resistance.
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Methods:

Molecular weight estimation for Arg-biodynamers via SDS PAGE

1mm thick 10% bioacrylamide gel was prepared and loaded with 10 pL sample volume + 2,5 pL gel
loading dye after boiling the sample for 10 min to denature them. 5 uL of PageRuler ™ Prestained
Protein Ladder was loaded in the next lane. The gel was run at 70V until the marker strats dviding and
then the voltage was increased to 120V until complete separation took place. The gel was then stain-
free visualized via UV and the ladder images were merged.

Bacteria permeabilization studies with Propidium Iodide (PI)

Treatment solutions (0.1% TritonX-100 or Arg-biodynamers or blank) were prepared in 1mL of Mueller
Hinton Broth and then inoculated with a final count of 104 CFU/mL in 1.5 mL LoBind tubes. The tubes
were incubated on a shaking heat plate at 37°C at 180 rpm for 24h. After 24h, 1.5 pL of 20 mM PI
solution were added to make the Pl final concentration 30 uM for 15 min. Afterwards, the tubes were
centrifuged at 5000 g for 5 min to pellet the bacteria and subsequently washed twice with sterile PBS.
The cells were then suspended in 300 pL PBS and lysed using Branson UltrasonicsTM S-250D probe
ultrasonicator (Connecticut, USA) at 20% power for 10 seconds twice with rest time in between for
cooling. Finally, the DNA-bound PI florescence was determined by taking 200 uL of the final solution
into a 96-well plate and measured (ex.: 535 nm, em.: 617 nm using Spark® Cyto (Mannedorf,
Switzerland). Three replicates were performed. One-way ANOVA was performed to calculate the p
values using GraphPad Prism 9.

Peptide and Arg-biodynamers backbones absorbance scans

100 pg/mL of Cys-TAT (CGRKKRRQRRR) and 100 pg/mL of Arg-biodynamers were dissolved in 50mM
phosphate buffer pH 7. 100 ul of the solutions were then added to a quartz 96-well plate. An

absorbance scan was conducted using Spark® Cyto (Mannedorf, Switzerland).
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Results:
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Figure S1: Example plot of the Size of Arg-Biodynamer using dynamic light scattering as a quality

control example showing diameter of around 8 nm and PDI=0.22. The plot was averaged from 3
measurements.

P=0.1957
1404 P=00022
o 120 | 1
[ ]
® 100 :
N
-a 80-
S 60—
E 404
8
\O 20- B
e 0
20 I —F
o X 2
&0 ‘{@o 0@«
WA @
Voo D
Nl Q 'oe
N N
® &
N

Figure S2: Amount of permeabilized Pl by 128 pug/mL Arg-biodynamers into E. coli comparing to 0.1%
TritonX as a positive control (100% permeabilization) and non-treated bacteria (0% Permeabilization).
Three replicates were conducted. Datapoints represent the average and the error bars represent
standard deviations. Arg-biodynamers; ArgBD
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Figure S3: Absorbance scan showing the shift of the backbone absorbance from 202 nm (example
peptide) to 254 nm (Arg-biodynamers). Arg-biodynamers; ArgBD
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Figure S4: MTT assay for different treatments in (a) stimulated THP-1, and (b) RAW264.7 cells. Three

replicates were conducted. Datapoints represent the average and the error bars represent the
standard deviation.
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Figure S5: SDS PAGE for Arg-biodynamers (light blue) after washing showing the polymer size around
15kDa by comparison to a protein ladder (black). Arg-biodynamers; ArgBD

Colistin MIC

" Colistin MIC Fold
Strain (ng/mL) (4256 pg/mL improvement LPS structure
ArgBD) P
E. coli Dh5a
4
(Normal LPS) 300 5
E. coli
ClearColi 31.25 1.95 16

(Mutated LPS)

P. aeruginosa
PAO1 1000 500 2
(Complex LPS)

P. aeruginosa
PA14 500 62.5 8
(Complex LPS)

Table S1: Treatment of E. coli with either wild LPS, or mutated LPS, PAO1, and PA14 with colistin and
colistin+Arg-biodynamers. Arg-biodynamers; ArgBD
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Strain ArgBD MIC Added LPS Bacterial growth Fold activity
(mg/mL) (ug/mL) medium change (x fold)
2 0 Meuller Hinton
4 5 Meuller Hinton 2
E. coli DH5a 4 20 Meuller Hinton 2
(normal LPS) 8 50 Meuller Hinton 4
0.032 0 M9 1/64
0.032 0 RPMI + Glucose 1/64

Table S2: LPS as decoy and growth media effects on the antimicrobial effectiveness of Arg-

biodynamers. Arg-biodynamers; ArgBD
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Chemical synthesis of biodynamers:

General Devices, chemicals and analytical methods

Reagents and dry solvents as THF, DMF were purchased at the highest commercial
quality and used without further purifications, unless otherwise stated. For all reactions,
which were performed under inert gas conditions, schlenk flasks were dried in high
vacuum and flooded with nitrogen before use. Corresponding reagents were injected
using a septum or via argon counter flow. Thin layer chromatography (TLC) carried out
on 0.25 mm E. Merck silica plates (60F-254), using shortwave UV light as the
visualizing agent. The products were purified by flash chromatography on silica gel
columns (Macherey-Nagel 60, 0.04-0.063 mm). High resolution mass (HRMS) was
determined by LC-MS/MS using the Thermo Scientific Q Exactive Focus Orbitrap
LC-MS/MS system. The purity of the final products was determined by Liquid
chromatography-mass spectrometry (LC-MS), a Dionex UltiMate 3000 pump,
autosampler, column compartment, detector, and ESI quadrupole MS from Thermo
Fisher Scientific and are found to be >95%.

Proton ('H) and carbon ('3C) nuclear magnetic resonance spectra were recorded on a
Bruker Avance Neo 500 MHz spectrometer using deuterated solvents as an internal
reference (Chloroform (CDCIz): 7.26 ppm 'H NMR, 77.2 ppm 3C NMR; Dimethyl
sulfoxide (DMSO-ds): 2.50 ppm 'H NMR, 39.5 ppm '*C NMR). The chemical shifts
were recorded in & (ppm) and the coupling constants in Hertz (Hz). The following
abbreviations were used to explain NMR peak multiplicities: s = singlet, d = doublet, t
= triplet, q = quartet, p = pentet, m = multiplet, br = broad.
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Synthetic Part

0

o}
0 ] Ha M HN G N
HzN o” Nt HzN N‘NHZ NaHe H
WMeOH, 24h, 11 H MeOH, 24h, 11
HN HN

NH; NHs HoN7SNH HaN7SNH

LysHD ArgHD

o %\/Oi’ TsCl, TEA \©\ o

o
oom, an rt 0,,5 ~o%\/°};
1

0 o]
Br H,A -
’ 1, nBuli, DVF_ K,CO;. Nal = ArgHD
_——
/\ /\ TTHE, 780 DMF, 80°C, 12h N / . v D0 D34

(ACOD] 24n

)rNH
2 >0 3
ArgBD
o H
’S e N
S 2"
LysHD N
D,0,pD 3.4
(Azcog),Z‘th r-j\
9}

LysBD

Figure S6: General scheme showing the synthesis of Arg-biodynamers and lysine biodynamers.

2,5,8,11,14,17-hexaoxanonadecan-19-yl 4-methylbenzenesulfonate (1)
o}
) /C| AT
0] + S\\ + N —_— \©\ /9
HO
% /©/ o L > o)

The synthesis of compound 1 was performed according to literature

A solution of hexaethyleneglycolmonomethylether (2.5 g, 8.44 mmol) and triethylamine
(1.35mL, 9.7 mmol) in dry CH2Cl2 (10 mL) was set stirring in an ice bath, and a solution
of tosyl chloride (1.69 g, 8.86 mmol) in dry CH2Cl2 (20 mL) was added drop-wise over
a period of 20 min. The ice bath was then removed, and the reaction was stirred at
room temperature for 14 h. After this time, water (50 mL) was added and the reaction
was quenched with 1M HCI (20 mL) solution. The resulting mixture was extracted with
CH2Cl2 (100 mL). The organic phase was washed with brine (50 mL), dried over
Na2SO0s4, filtered and concentrated to a yellow oil, which was subject to column
chromatography (SiO2, CH2Cl2: MeOH 95:5), yielding as a product (3 g, 79%) a
colorless oil. All recorded spectra were similar with those reported in literature.
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H NMR (500 MHz, CDCls; 3, ppm): 7.78 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H),
4.14 (t, J = 9.7 Hz, 2H), 3.68 — 3.53 (m, 22H), 3.36 (s, 3H), 2.43 (s, 3H).

3C NMR (126 MHz, CDCls; d, ppm): 144.89, 133.11, 129.92, 128.08, 72.03 - 68.77,
59.13, 21.74.
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Figure S7: Proton NMR (top) and carbon NMR spectra of compound (1) in CDCls.
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9H-carbazole-3,6-dicarbaldehyde (2)

Br. Br

O )
S {2 ' ” ”
+ -BuLi +
o s o — A
N N
H

H

The general procedure for the synthesis of 2 was followed according to literature.

3,6-Dibromocarbazole (3 g, 9.29 mmol) was dissolved in anhydrous THF (60 mL) to
give a pale-yellow solution, which was set stirring in a dry ice/acetone bath. An amount
of 40 mL of BulLi solution (1.6 mol L~! in hexane) was added over a period of 20 min,
causing the reaction contents to darken in colour significantly. The cooling bath was
removed for 1 h and then replaced. After 10 min, anhydrous DMF (7.5 mL, 9.7 mmol)
was added over 10 min, immediately causing the precipitation of a yellow solid. The
cooling bath was removed, and the reaction was stirred for 90 min at r.t. After this
period, 1M HCI solution (50 mL) was added, and the reaction was suction filtered. The
yellow solid was collected, and no further purification is needed. The filtrate was
extracted with EtOAc (5 x 50 mL), and the combined organic phases were washed
with brine (50 mL), dried over MgSO4 and concentrated under vacuum to a yellow
solid. The crude product, which exhibited deep blue fluorescence under 254 nm
irradiation when spotted on a SiO2 thin-layer chromatography plate, was purified by
column chromatography (SiO2, CH2Cl2:MeOH (95:5) ), yielding 1.5 g (75%) of a yellow
solid. The spectral analysis matched those described in the literature (see below).

H NMR (500 MHz, (CD3)2SO0): &= 10.09 (s, 2H), 8.89 (s, 2H), 8.02 (d, J = 8.4 Hz, 2H),
7.73(d, J = 8.4 Hz, 2H)

13C NMR (500 MHz, (CD3):S0)): 5= 191.52 (14,15), 143.74 (1,4), 128.71 (8,11),
126.71 (2,3), 124.28 (9,10), 122.20 (7,12), 111.73 (6,13).
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Figure S$8: Proton NMR (top) and carbon NMR (bottom) spectra of compound (2) in (CD3)2SO.
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9-(2,5,8,11,14,17-hexaoxanonadecan-19-yl)-9H-carbazole-3,6-dicarbaldehyde (3)

o o

! g Cr s
b s (/\/0)6\ + K,CO3 + Nal —> N
; >

>0

6

Compound 3 was prepared according to the specified literature.

To a solution of 9H-carbazole-3,6-dicarbaldehyde (2) (1 g, 4.48 mmol, 1 equiv.) and
2,5,8,11,14,17-hexaoxanonadecan-19-yl 4-methylbenzenesulfonate (1) (2 g, 4.48
mmol, 1 equiv.) in DMF (45 mL) were added K2COs (2 g, 14.56 mmol, 3.25 equiv.) and
Nal (ca 10 mg, 0.01 equiv.). The reaction was stirred at 80-C for 12 h. After cooling to
cool to room temperature, water was added and the reaction mixture was extracted
CH2Cl2 (100 mL) and was washed with brine (50 mL). The organic phase was dried
over Na2SO4, and concentrated under vacuum. The product was isolated by flash
Chromatography, on a reversed-phase silica column (Macherey-Nagel 60, 0.04-0.063
mm), using H20: ACN + 0.05% FA (gradient flow 5% to 100% ACN for 30 min) to give
the product as a pale yellow oil (1.6 g, 71%) which occasionally solidified upon
standing. '"H NMR and ¥C NMR spectra are in agreement with those previously
reported.

H NMR (500 MHz, CDCl): &= 10.14 (s, 2H), 8.67 (s, 2H), 8.08 (d, J = 8.6 Hz, 2H),
7.64 (d, J = 8.6 Hz, 2H), 4.60 (t, J = 5.8 Hz, 2H), 3.95 (t, J = 5.8 Hz, 2H), 3.67-3.47 (m,
20H), 3.36 (s, 3H).

3C NMR (126 MHz, CDCls): &= 191.55, 145.16, 128.84, 127.82, 124.15, 123.25
110.31, 71.93, 71.01, 70.64-70.51, 69.35, 59.04, 44.10.

HRMS (ESI, m/z): calc for C27H35NNaO8: 524.2260; found: 524.2252
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Figure S9: Proton NMR (top) and carbon NMR (bottom) spectra of compound (3) in CDCls.
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Lysine Hydrazide

Iz

HN
o +  H,N—NH;, YR

NH,

NH,

To a solution of methyl D-lysinate (100 mg, 624.15 pmol) in anhydrous MeOH (8 mL)
was added hydrazine hydrate (2 mL, 8 folds) and the reaction was stirred at room
temperature for 24 h. After the completion of the synthesis, MeOH was removed under
vacuum (60°C, 20 mPa). Finally, 2 ml distilled water is added to the product and
freeze dried overnight to remove excess hydrazine hydrate. 80 mg of product (80%)
was obtained as a transparent oil. Care was taken to avoid exposure to moisture.

H NMR (500 MHz, (D20): &= 3.41 (t, J = 6.6 Hz, 1H), 2.94 — 2.87 (m, 2H), 1.70- 1.60
(m, 4H), 1.36 — 1.21 (m, 2H).
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Figure $10: Proton NMR spectra of compound lysine Hydrazide in D,0.

Arginine Hydrazide

H,oN
2 0~ + HN-NH, b N bz
MeOH H

HN HN

@ ®
HzN’gNH2 HzN/gNHz
To a solution of methyl D-argininate (100 mg, 528.43 pmol) in anhydrous MeOH (8 mL)
was added hydrazine hydrate (5 mL) and the reaction was stirred at room temperature
for 24 h. After the completion of the synthesis, MeOH was removed under vacuum
(60°C, 20 mPa). Finally, 2 ml distilled water is added to the product and freeze dried
overnight to remove excess hydrazine hydrate. 80 mg of product (80%) was obtained
as a transparent oil. Care was taken to avoid exposure to moisture.

H NMR (500 MHz, (D20): 8= 3.38 (t, J = 6.7 Hz, 1H), 3.20 (t, J = 6.7 Hz, 2H), 1.71 —
1.51 (m, 4H).
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Abstract:

Antimicrobial resistance is a global crisis driven by the scarce antibiotics pipeline of
new antibiotics, especially due to the intrinsic resistance stemming from the membrane
barrier, necessitating innovative materials for improved therapies. In this study, TAT-
ArgBD, a conjugate of the cell-penetrating TAT peptide and arginine biodynamer
(ArgBD), serves as multivalent macromolecular antibiotic and synergist. TAT-ArgBD
rapidly kills 99.9% of Pseudomonas aeruginosa at 32 pg/mL within one hour,
outperforming colistin, and shows minimum inhibitory concentrations (MICs) of 2-8
pg/mL against Acinetobacter baumannii and Staphylococcus aureus. More
interestingly, it potentiates antibiotics such as novobiocin, chloramphenicol, and
imipenem, leading to lowered MICs up to 256 folds. Notably, novobiocin, typically
active only against Gram-positive bacteria, demonstrated potential to target Gram-
negative bacteria when combined with TAT-ArgBD.

Mechanistic studies suggest TAT-ArgBD antimicrobial and synergistic actions stem
from targeting POPG and cardiolipin, inducing bacterial membrane pore formation and
adopting an o-helical structure with the bacterial lipids. With proven safety profile and
a membranolytic index >64 against bacteria and low mammalian cell toxicity at
effective bactericidal concentrations, TAT-ArgBD potential to enhance antibiotic
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efficacy, as well as function as a stand-alone treatment, underscores their promise as
a lead concept.
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Introduction:

Antimicrobial resistance (AMR) has attracted more and more attention fueled by
alarming predictions in the next decades, especially related to the emergence of
multidrug-resistant (MDR) Enterobacterales, Carbapenem-resistant Acinetobacter
baumannii, and Carbapenem-resistant Pseudomonas aeruginosa. [1], [2], [3] Several
mechanisms contribute to the development of such MDR, but decreased antibiotic
accumulation, either through reduced influx or increased efflux, is widely recognized
as a universal resistance mechanism across various antibiotic classes.[4] Interestingly,
membrane-acting antibiotics, such as polymyxins, does not have uptake into bacteria
as a prerequisite for activity, but are a last resort in clinical guidelines due to resistance
and safety concerns. [5], [6] Another factor which makes addressing the MDR difficult
is that most novel antibiotics are derivatives of existing antibiotic structures, with limited
efforts directed at developing antibiotics based on new chemical class. According to
the World Health Organization (WHO), scarce antibiotic candidates with novel
chemical structures are in clinical trials for systemic administration against Gram-
negative bacteria, predominantly in phase |. Unfortunately, such candidates in a phase
| clinical trial can have an expected success rate as low as just 7.9%. [7], [8] Therefore,
employing synergistic agents permeabilizing bacterial membranes, like antimicrobial
peptides or cell-penetrating peptides (CPPs), for poorly-accumulating antibiotics,
thereby achieving a synergistic effect against resistant bacteria, is raised as one
strategy.

HIV-1 TAT is a specific domain from Tat viral protein and is an established CPP which
has been proven to bind strongly to POPG, a major component of the bacterial lipid
membranes, with a Ky value of 7.5 pM (around 11 pg/mL) and as little as 4600
molecules to saturate the binding to one POPG liposome. The mechanism, by which
TAT can interact and translocate through the lipid layers, is initiated by attraction to the
phosphate groups via ionic interactions. Then the lipids and phosphate groups begin
to thin, causing the attraction of the TAT towards the distal-side phosphate groups and
the formation of a temporary water channel to translocate the TAT peptide to the other
side of the lipid bilayer.[9], [10] As such mechanism is transient and the water channels
formed collapse, free monomeric TAT is not expected to be antibacterial or cytotoxic.
In contrast to free CPP, multivalent polymer-CPP conjugates, which were prepared by
conjugating CPPs like TAT on a polymer backbone like dextran, form water channels
simultaneously in addition to the backbone momentum. Multimeric TAT constructs
were established before in literature and even reached clinical trials, which hints for
potential applicability and safety for in vivo and human applications.[11]

Polymer-peptide conjugates can lead to some damage to membranes, especially
bacterial membranes, synergistically enhancing the activity for poorly penetrating
antibiotics, such as WD40, which was able to enhance clindamycin by 4096 folds.[12],
[13], [14] Therefore, various types of polymers, both linear and branched, natural and
synthetic, have been explored as backbones for polymer-CPP conjugates.[15], [16],
[17] In this context, dynamic polymers may allow for flexibility and freedom to interact
with the bacterial membrane, compared to rigid polymers as a backbone. Arginine—
biodynamer (ArgBD) were recently studied for their dynamicity, biocompatibility, and
physiochemical properties in literature, which make them suitable for biological
applications. [18], [19], [20], [21] Furthermore, in a previous study, we proved that
ArgBD alone significantly potentiated the efficacy of colistin against Gram-negative
strains. ArgBD targets the LPS of Gram-negative bacteria and changes their
secondary structure in the LPS microenvironment, especially at the interface with the
lipid A component. The structural changes allowed for better accessibility into the
bacterial cell envelope and could potentiate the effect of antibiotics, including colistin.
Colistin acts similarly to a surfactant on the bacterial cell envelope on the lipid
bilayer.[22]

81



In this study, we introduce a TAT-ArgBD conjugate to target both the LPS, and
membrane lipids via ArgBD and HIV-1 TAT, respectively. This could offer greater
specificity because bacteria happen to be the only species which simultaneously have
both LPS, and lipids attached together in its cell envelope. By conjugating TAT and
ArgBD, we anticipated an enhanced targeting of cell membranes through TAT’s rapid
membrane interaction from multivalency, along with the potentiating effect derived from
ArgBD. Therefore, we compared the antibacterial effects of TAT-ArgBD, as well as its
synergistic effects with conventional antibiotics on several bacteria strains.
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Materials and methods:
Materials:

L929 (ATCC-CCL-1) cells were obtained from LGC standards (Molsheim, France).
RAW264.7 cell line was obtained from ECACC (Salisburg, UK). Staphylococcus
aureus Newman was provided by Prof. Marcus Bischoff from Saarland university
hospital. Escherichia coli MG1655 (DSM18039), A. baumannii (DSM-30008), P.
aeruginosa PA0O1 (DSMZ 22644), and P. aeruginosa PA14 (DSMZ 19882) were
obtained from DSMZ (Braunschweig, Germany). RPMI 1640 medium, FCS, and
Trypsin-EDTA were obtained from Thermofisher scientific (Waltham, USA).
PrestoBlue™ Cell Viability Reagent was obtained from Sigma-Aldrich (St. Louis, USA).
LDH Cytotoxicity Detection Kit (11644793001) was obtained from Roche (Penzberg,
Germany). Mueller Hinton broth (MHB) was obtained from Scharlau microbiology
(Barcelona, Spain). M9 Minimal salts 5x Powder was obtained from SERVA
(Heidelberg, Germany). TritonX-100 (CAS: 9036-19-5) was obtained from Sigma
Aldrich (St. Louis, USA). Free TAT peptide HpG(Homopropargylglycine)-
GRKKRRQRRR was ordered from Genscript (Rijswijk, Netherlands).
Paraformaldehyde methanol-free solution (16 %) was obtained from Thermofisher
scientific (Waltham, USA). Glutaraldehyde 25% in H,O was obtained from Sigma
Aldrich (St. Louis, USA). Hexamethyldisilazane (CAS: 999-97-3) was obtained from
Sigma Aldrich (St. Louis, USA) Novobiocin (CAS: 1476-53-5), Imipenem
monohydrate (CAS: 74431-23-5), Chloramphenicol (CAS: 56-75-7), Colistimethate
Sodium (CAS: 8068-28-8), Colistin Sulphate (CAS: 1264-72-8), Ciprofloxacin (CAS:
86393-32-0), Meropenem (CAS: 119478-56-7), Ceftazidime (CAS: 78439-06-2) were
obtained from Cayman chemical (Michigan, USA), Molekula group (Mdinchen,
Germany), Sigma Aldrich (St. Louis, USA), Cayman chemical (Michigan, USA),
AdipoGen Life Sciences (Fuellinsdorf, Switzerland), TCI chemicals (Eschborn,
Germany), Sigma Aldrich (St. Louis, USA), LKT Labs (Minnesota, USA) respectively.
Lipopolysaccharides from E. coli O111:B4 (L4391) was obtained from Sigma Aldrich
(St. Louis, USA), 1,1',2,2"-tetra-(9Z-octadecenoyl) cardiolipin (sodium salt) Cardiolipin,
1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (POPE), 1-
hexadecanoyl-2-(9Z-octadecenoyl)- sn-glycero-3-phospho-(1"-rac-glycerol) (sodium
salt) (POPG) were obtained from Avanti Polar Lipids Inc. (Alabaster, AL, USA), Oxoid™
Sheep blood (SR0051B) was obtained from Thermofisher scientific (Waltham, USA).

Peptide quantification and conjugation rate calculation:

To quantify the TAT content/purity, free TAT or TAT-ArgBD were dissolved in Deuterium
oxide with maleic acid as an internal standard, then '"HNMR was measured on a Bruker
AV500 (500 MHz) spectrometer. The following equation was applied to calculate the
concentration of the TAT:

Isample * NRef - Msample * CRef * PRef

Psample -

IRef * Nsample * MRef * Usample

Where P, I, N, M, C stand for purity, integral, number of protons, molecular weight, and
w/v concentration. The purity of the maleic acid and the TAT were assumed to be 100%
as the purity of the maleic acid 299% and TAT-ArgBD was later washed to eliminate
any unreacted impurities. The maleic acid proton signal at ppm 6.3 was used as the
reference, while a methylene signal on the lysine residue at ppm 2.8 was used as the
sample signal. The measured concentrations of TAT in free TAT sample and TAT-
ArgBD were then adapted in all of the following experiments to ensure that no bias
shall arise due to different quantification methods.

To calculate the conjugation rate, two methods were applied. First, TAT-ArgBD, which
has X mg worth of TAT content (quantified via qNMR), was measured on a sensitive
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balance (referred to as gravimetry method). The following equation was then applied
to determine the conjugation rate:

Mass (X) TAT* MWtTAT—ArgBD repeating unit
MWtTAT & Welghed MaSSTAT—ArgBD

mol
Conjugation rate (—) = 100% =
mol

The measurement was repeated twice using two batches and standard deviation was
calculated accordingly.

As a secondary method (referred to as qNMR method), the ratio of the integrations of
the methelene on Arginine (ppm 3.1) and Lysine (ppm 2.8) as the ArgBD backbone
has indeed one arginine residue. The following equation was employed to determine
the conjugation rate:

Arg in TAT-ArgBD — IArg in ArgBD

) ) mol I
Conjugationrate (—) = 100% =
mol

IArg in TAT

Where | is the integral. The integral of Lysine methelene was assumed to be equal to
4.0 in the software, hence, the integral of the arginine could be calculated. The lagin
AgeD Was assumed to be 2.0 as every repeating unit in the backbone can only have

exactly one arginine residue (not more, not less). This procedure was performed twice
using the TopSpin 4.4, hence, the standard deviation could be calculated.

Conjugation rate using absorbance was calculated as well. The quantification of ArgBD
and was based on four principals:

1. The quantification had to be based on a wavelength away from the newly
formed aromatic triazole absorbance and closer to the amide bond absorbance
(200 nm) to avoid interference.

2. The signal to background ratios of of TAT-ArgBD, TAT, and ArgBD were high
and most acceptable in each of them at 216 nm, so this wavelength was
selected for the analysis

3. Since TAT-ArgBD was washed extensively, the signal at 216 nm is supposed
to come from ArgBD and TAT, so the following equations were concluded:

Eq. (1)

Absorbance at 216 "My ar—4rgap
= ax Absorbance at 216 nmpr + b x Absorbance at 216 4,.4pp

Eq. (2)
a+b=100%

Where a and b variables are the % of the TAT and ArgBD in the TAT-ArgBD
respectively.

4. Spectra of samples and blanks were measured using a quartz plates and 16
Hg/mL were used which has Absorbance <1.5 to have linear quantification in
the range 200-1000 nm

First, all spectra were normalized as the concentration of TAT-ArgBD was assumed to
be unknown before this analysis by applying the following equation on every point of
the spectrum:

Eq. 3)
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Normalized absorbance,,
Absorbance, — Blank Absorbance,

- Y.(Absorbance,ny—_1000 nm — Blank Absorbance,qo—1000 "m)/
n

Where X is the wavelength at which the absorbance of the samples was considered
n is the number of wavelengths between 200-1000 nm, which is equal to 801.

The 216 nm normalized absorbance from equation (3) was then used with equations
(1) and (2) to solve for variables a and b. This procedure was done twice, and standard
deviation was calculated.

To validate the conjugation calculation using absorbance, 17 pg/mL of ArgBD
physically mixed with 32 pg/mL of TAT absorbance was measured and compared to
49 pg/mL mass concentration of TAT-ArgBD (32 pg/mL of TAT) and graphed to check
if it is similar and to what degree.

Lipid-Conjugate dose-binding assay:

Different molar lipid or LPS concentrations were diluted in a quartz plate in a 10 mM
phosphate buffer at pH 7.4. Then an equal volume of 250 pug/mL of TAT-ArgBD was
added to the wells to obtain different molar ratios. The fluorescence was measured
after 2h using the 301 nm excitation and 372 nm emission as well as 350 nm as
excitation and 520 as emission. The fluorophores calibration was observed to be linear
until 31.25 and 62.5 pg/mL, respectively. The lipids were weighed, dissolved in
chloroform/methanol 3:1 solution, dried, suspended in 10 mM phosphate buffer, and
sonicated for a few minutes. LPS (molecular weight was assumed to be 10 kDa) was
directly suspended in 10 mM phosphate buffer and sonicated. The binding was
determined by the following equation:

lsample _Fllipid background

F
%Quenching = 100% *
F TAT—-ArgBD ~— FlBuffer

For all biological assays, the activity per TAT content in TAT-ArgBD was reported.

Conjugate Time-Kill against P. aeruginosa:

Different samples were diluted and prepared in M9 bacterial medium in a 96-well plate.
An inoculum of around 5*10"° CFU/mL as final concentration which was initially grown
in Mueller Hinton broth but diluted in M9 was added to the treatment. The plates were
placed in an incubator at 37 °C while shaking on an orbital shaker at 160 rpm. At the
specific time point, samples were taken and diluted up to 1078 in sterile PBS. 3 spots
(10 uL each) per dilution were pipetted on an LB agar plate and left to dry before
placing in a 30 °C overnight for counting on the next day. The detection limit was about
100 CFU/mL. After the colonies were counted, the original log CFU/mL concentration
was calculated back. The detection limit was kept at 33 CFU/mL. The values were
averaged, and the standard deviation was calculated.

Molecular weight determination via SLS:

The samples were prepared in 10 mM phosphate buffer pH 7.4 in 1 cm light path
cuvette, and then inserted into a Zetasizer ZS Series (Malvern Instruments Limited,
Malvern, UK) equipped with a HeNE laster (JDS uniphasr) at wavelength of 633 nm.
The dn/dc was assumed to be 0.185 mL/g as the conjugate consisted largely of peptide
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meoities and a refractive index of 1.33. The sample was measured multiple times with
different concentrations to yield the Deybe plot and the molecular weight estimate.

Size determination via DLS:

The sample was diluted in 10 mM phosphate buffer pH 7.4 at 1 mg/mL concentration
in a 1 cm path length cuvette. The particle size of the sample was measured via
dynamic light scattering using Zetasizer ZS Series (Malvern Instruments Limited,
Malvern, UK) observed from 173° backlight scattering in triplicates.

Secondary structure of the conjugate in different microenvironment:

The method was adapted from a previous publication with minor modifications.[22] 400
pL of 120 pg/mL worth of TAT were diluted in 10 mM phosphate buffer pH 7.4.
POPE/POPG were mixed in 3:1 mol:mol ratio and prepared in the same manner as
the dose-binding assay as mentioned above and finally diluted to 3.4 mM
concentration. The samples were then loaded into 1 mm path length quartz cuvette
and measured using a Jasco 1500 spectropolarimeter (Gross-Umstadt, Germany).
The setting of the measurement was as follows: Temperature = 24 °C, Bandwidth= 1
nm, Number of accumulations = 16, Scanning speed = 20 nm/min. The measurements
were smoothened according to the Savitzky-Golay algorithm.

Red Blood Cells (RBCs) hemolysis assay:

In two Protein Lobind® tubes, 100 pL of sheep whole blood was washed three times
with 2 mL of PBS in a centrifuge at 1700g for 2 minutes. The pellet was resuspended
carefully in 11 mL of PBS. A dilution series, 50 uL each, of different samples was
prepared in Lobind® tubes. The positive control was 5% TritonX. The tubes were put
in a shaking heat plate at 60 rpm at 37 °C for 60 min. The tubes were centrifuged for
5 min at 1700g and 20 pL were taken out carefully without touching the pellet, which
was diluted with 50 pL of PBS in a flat-bottom 96-well plate. The amount of lysed RBCs
was quantified via measuring absorbance at 414 nm. The following equation was
applied:

%Hemolysis — 100% = Abs(sample with RBCs)—AbS(sample without RBCs)

ADS (Tritonx with RBCs)—ADS (pBS with RBCS)

Minimum inhibitory concentration in different strains:

Due to the effects shown in Figure S1, Mueller-Hinton broth does interact with the
TAT-ArgBD and quenches its fluorescence. This effect was previously described in
literature for cationic macromolecules as the usual rich media, like Mueller Hinton
broth, contain extracts from yeast or beef, which have so many undefined components
which can bind to the macromolecules. [23], [24], [25], [26], [27] A bacterial growth
medium with more and minimal defined components, hence, minimal bacterial media
was used.

MIC testing was performed using the standard broth microdilution according to
EUCAST guidelines (1SO20776-1:2019) with some modifications and using a
concentration range of 0.03-64 pg/mL for all treatments.

The test medium was changed to either M9 or RPMI 1640 supplemented with 20 mM
glucose (RPMIGIuc). For both media, a higher inoculum was used to support sufficient
growth over the 24 h observation period in the modified culture medium. This was 5-
fold higher than recommended by EUCAST. For M9, a final ODsoo in the well of 0.0025
was used. While for RPMIGIluc, initial cell concentration was adjusted to McFarland
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0.5 and for testing, the cell suspension was further diluted 1:40 in RPMIGluc to support
an inoculum of approximately 2.5 x 108 CFU/mL.

Tobramycin quality controls in the minimal media of P. aeruginosa PA14, P. aeruginosa
PAO1, E. coli, A. baumannii, S. aureus Newman yielded MICs of 0.25, 0.25, 0.25, 0.5
0.1, 8-16 pg/mL, respectively.

Synergy of TAT-ArgBD with antibiotics:

A dilution series (left to right) of the antibiotic was prepared in along all rows of the 96
well plate at 4x the target final concentration (25 pL). TAT-ArgBD dilution series was
prepared in separate tubes at 4x the target final concentration and 25 pL was added
to each of the column (top to bottom) to form a checkerboard plate. The inoculation
and incubation were conducted as in the MIC assay.

Fractional inhibitory concentration index (FICI) was calculated using the below
equation:

FICI = MICTAT—ArgBD in combination . MICantibiotic in combination

MICTAT—ArgBD alone MICantiviotic alone

Conjugate interactions with different media:

450 pg/mL of TAT-ArgBD was diluted in 100 pL of different media. The solutions were
left for 2h to allow for interactions to take place. Fluorescence was measured using
excitation 301 nm, emission 372 nm, and excitation 350 nm, emission 520 nm. The
following calculation was performed to determine the signal coming from the TAT—
ArgBD:

Signal = Flusample in medium ~ Flumedium only

Viability and cytotoxicity assay on mammalian cells:

L929 (5,000 cells/well) and RAW 264.7 (8,000 cells/well) cells were seeded in a 96-
well plate in RPMI 1640 supplemented with 10% FCS and incubated until cells reached
confluency with fresh medium change every second day. Cells were washed once with
PBS, and then the samples were added in RPMI 1640 without FCS and incubated at
37 °C with 5% CO. As the antimicrobial (efficacy) assays were performed in minimal
media or RPMI 1640 with glucose (protein poor) as well, to have an unbiased
selectivity index and comparison, the mammalian cells were also incubated in such
medium. Dead control was 2% TritonX and the live control was cells incubated in RPMI
1640. After 24h, 50 pL of the cell supernatant was taken and put aside in another plate
for the LDH assay. The cells were washed with PBS, then 10% PrestoBlue in PBS was
added to the cells and incubated for a few hours, then fluorescence was measured at
excitation of 535 nm and emission of 615 nm. The following equation was applied to
measure viability:

lutreated cells — Fludead control

F
%viability = 100% =
Flulive control — Fludead control

The LDH was performed according to the manual of the kit. Afterwards, the absorbance
was measured at 492 nm. The following equation was applied to calculate the
cytotoxicity:
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Abstreated cells — Absliue control

%cytotoxicity = 100% =
Absdead control — Abslive control

Bacteria morphological changes visualization:

P. aeruginosa PA14 was grown until reaching the log phase in M9 medium then was
treated for 3h. Bacteria was then washed with PBS to remove the treatment and
resuspended in PBS, which fixed with 2% paraformaldehyde and 2% glutaraldehyde
ovemight. Bacteria was then dehydrated with increasing increments of ethanol 30%,
40%, 50%, 60%, 70%, 80%, 90%, 100% for 15 min each on silicon wafers in a well
plate. Finally, Hexamethyldisilazane was added and removed after 15 min, then left
overnight under a hood to dry. On the next day, the samples were gold-sputtered using
Quorum Q150R ES sputter-coater (Gala Instruments GmbH, Germany). The samples
were then images with Zeiss SEM EVO HD15 (Zeiss, Germany).

Morphology and particle structure of TAT-ArgBD:

A 3 pL droplet of 10 mg/mL TAT-ArgBD in 10 mM phosphate buffer was deposited on
a holey carbon film (S147-4, Plano, Germany) and blotted to a thin liquid film for two
seconds. The sample was then plunged into liquid ethane (T = 108 K) using Gatan
(Pleasonton, USA) CP3 cryo plunge system. The sample was afterwards transferred
under liquid nitrogen to a cryo-TEM holder (Gatan 914) operating at T = 100 K. Finally,
the sample was analyzed by a Cryogenic Trasnmission Electron Microscopy (cryo-
TEM, JEM-2100 LaB6, JEOL, Akishima, Japan) at 200 kV and low-dose conditions.

Structural properties of TAT-ArgBD and TAT-ArgBD-treated vesicles:

Vesicles were prepared in the same way as done in the circular dichroism section with
minor modifications. First, the lipids used weight ratio was changed to 25:68:7
POPG:POPE:MPEG-2000-DSPE. Secondly, the vesicles were extruded at least 15
times through a 100 nm filter using Avnati™ Extruder set (Alabaster, AL, USA).

Small Angle X-ray Scattering (SAXS) measurements were performed on a Xeuss 2.0
instrument (Xenocs SAS, Grenoble, France). A collimated beam from the K,-line of a
copper X-ray source with a wavelength of % = 1.54 A was focused on the sample with
a spot size of 0.25 mm? 2D scattering images were recorded using a Pilatus 300K
detector with pixel sizes of 0.172 x 0.172 mm? and a sample-to-detector distance of
1211 mm, calibrated using a silver behenate standard. The solutions were mounted
into borosilicate capillaries and measured with an acquisition time of 600 s, and
azimuthally averaged to obtain /(q). Here, q is defined as q = 4nxsin(8/2)/% with 8being
the scattering angle. All measurements were repeated 5 times. As no signs of sample
aging were observed, all scattering patterns of each sample were averaged. Scattering
by the buffer was measured separately and subsequently subtracted from the data.

The Beaucage function was used to determine the radius of gyration, Ry, of TAT—
ArgBD dissolved in buffer.[28] The scattering patterns of bacteriomimetic vesicles and
bacteriomimetic vesicles treated with TAT-ArgBD was modelled using the scattering
profile of a series of Gaussian electron density distributions, implemented in the X+
software.[29]
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Results:
1. TAT-ArgBD synthesis and characterization

We designed TAT-ArgBD by conjugating the TAT at the terminus of the hexaethylene
glycol chain (HEG), a side chain of the ArgBDs, to allow for flexibility of the peptide to
interact (Figure 1a). To conjugate TAT on the ArgBDs, we choose copper-catalyzed
azide-alkyne cycloaddition (CUAAC) click chemistry, as it is known to be efficient for
macromolecules. To achieve this, the monomer of ArgBD, HEG-conjugated carbazole
dialdehyde (HEG-CA), was prepared based on previously reported methods [22] and
further modified to introduce azide groups (-Ns). The N3-HEG-CA was synthesized
starting from 3,7-dibromocarbazole via lithium-halogen exchange and formylation with
DMF, yielding CA. This compound was then alkylated with the commercially available
N3 chain and, after purification, afforded Ni-HEG-CA. Arginine hydrazide, was
synthesized by reacting N-methyl-D-arginine methyl ester with hydrazine hydrate in
methanol for 24h. The chemical structures of each compound was characterized using
"HNMR and "*CNMR spectroscopy, as detailed in the supplementary information.
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Figure 1: (a) Cryo-TEM snapshot and structure of TAT-ArgBD consisting of TAT peptide linked with a triazole linker to
the ArgBD backbone. (b) HNMR spectra (ppm) showing (from left to right) peptide backbone, arginine 6 methylene,
lysine € methylene after conjugating ArgBD to TAT. (c) Debye plot to determine the molecular weight by static light
scattering (SLS) by measuring different concentrations of TAT-ArgBD yielding a molecular weight of 25.7 + 4 kDa
(KC/RoP y-intercept = 0.0389 + 0.007 1/kDa, A2 second virial coefficient = 0.00339 + 6.05e-4 mL-mol/g2, correlation
coefficient (R2) = 0.94) (d) Volume particle size distribution as measured by dynamic light scattering (DLS) for TAT—
ArgBD and ArgBD.

After synthesizing the monomers, we polymerized them yielding ArgBD-Nz by using
Schiff-base reactions between aldehydes and primary amines. The polymerization was
performed at 1:1mol ratio of Na-HEG-CA with arginine hydrazide in acidic aqueous
solution for 24 h. Lastly, the alkyne-containing TAT was conjugated on the obtained
ArgBD-N3 using CuAAC to afford a triazole as a non-cleavable linker to get the
structure shown in Figure 1a. Details of the synthesis and '"HNMR spectra are provided
in the Supplementary Information.

The crude reaction mixture was washed extensively using centrifugal filtration (3 kDa
MWCO) to get rid of salts, catalysts, and unreacted free TAT and monomers of ArgBD.
Using "HNMR, UV-Vis absorption and dynamic light scattering (DLS), we confirmed
the presence of both TAT and ArgBD in the purified product. As seen in Figure 1b and
Figure S2, we observed clear TAT '"HNMR peaks from the purified product, as well as
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typical UV-Vis absorption arising from carbazoles of ArgBD. We concluded the purified
product includes both TAT and ArgBD with a molecular weight > 3 kDa, which evidence
successful conjugation.

We then quantified the amount of TAT conjugated to ArgBD to determine the degree
of TAT multivalency. Using quantitative NMR (gNMR), the conjugation rate was
estimated to be 98 + 0.64 mol/mol% or 67 + 0.43 w/w% based on the arginine &
methylene and the lysine ¢ methylene 'HNMR peaks shown in Figure 1b. For
comparison, gravimetric analysis yielded a conjugation rate of 102 + 5.85 mol/mol% or
69 + 4.0 w/w%. Lastly, based on UV absorbance, which was validated to have an
accuracy of 96% (Figure S3), the conjugation rate was found to be 96 + 0.22 mol/mol%
or 65 + 0.15 w/w%. All three measurements confirm a conjugation rate of roughly 98
mol/mol%, which is not unprecedented for CUAAC reaction.[25], [26], [27] The high
conjugation rate suggests a robust platform for creating multivalent constructs.

Static Light Scattering (SLS) was utilized to estimate the molecular weight of the TAT—
ArgBD. The dn/dc of protein was used as the TAT-ArgBD consists mainly of peptides
(TAT) and the ArgBD is peptide derivative composed of amino acids. SLS
measurements indicated a molecular weight of 25.7 kDa, corresponding to around 12
repeating units of TAT-ArgBD per macromolecule, as shown in Figure 1c. On the other
side, it is known that ArgBD can spontaneously fold into a nanorod, so the conjugate
could have a folded structure as well.[18] Thus, the hydrodynamic diameter (Dy) of the
nanostructure formed by the conjugate (TAT-ArgBD) as well as the backbone (ArgBD)
were compared. The volume-based Dy of TAT-ArgBD and ArgBD were 6.5 and 2.3
nm, respectively (Figure 1d), which agrees with the cryo-TEM image at almost the
resolution limit as shown in Figure S4.[18] Ry of the conjugate was measured to be
3.5+ 0.2 nm using SAXS (Figure S5). The ratio between Ry (measured by SAXS) and
R» (measured by DLS) provides insights into the macromolecular geometry of the
conjugate and equals 1.1 in the case of TAT-ArgBD. This value is typical for soluble
polymers with an extended chain conformation (a value of 0.77 is expected for a
homogeneous sphere). [30] Therefore, TAT-ArgBD is similarly expected to adopt an
extended conformation.
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2. Hemolysis and cytotoxicity towards mammalian cells
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Figure 2: RBCs hemolysis assay for (a) TAT-ArgBD and the forming moieties of the conjugate. For TAT-ArgBD and
TAT, the concentration of TAT was shown on the x-axis was used, while for Arg-BD sample the concentration of Arg-
BD backbone found in the conjugate at the respective concentration was used. In (b), the hemolysis assay
comparison for TAT-ArgBD and Colistin at the same fold MIC assuming that TAT-ArgBD and Colistin MICs are 2
ug/mL and 0.5 pg/mL with significance test (for 64-fold MIC data point) via one-way ANOVA, **** represent p value
of <0.0001. 2-3 replicates were conducted.

As a core safety parameter, the % RBCs hemolysis by TAT-Arg was conducted (Figure
2). Multivalent peptide constructs often exhibit hemolytic activity, yet neither TAT-
ArgBD nor its individual components induced significant hemolysis, even at
concentrations well above the anticipated therapeutic levels (Figure 2a). As for Figure
2b, a head-to-head comparison of TAT-ArgBD and colistin was performed. At 64-fold
MIC, TAT-ArgBD (256 pg/mL) was significantly superior to colistin (16 pg/mL) in terms
of RBCs staying intact.
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Figure 3: Cytotoxicity assessment by using lactate dehydrogenase (LDH) assay with L929 fibroblasts (black) and
RAW264.7 macrophages (grey) with (a) TAT-ArgBD conjugate, (b) free TAT peptide, (c) ArgBD, and (d) Colistin.
Viability assessment using PrestoBlue® was used as well with L929 fibroblasts (black) and RAW264.7 macrophages
(grey) to assess the metabolic activity in the presence of (e) TAT-ArgBD, (f) free TAT peptide, (g) ArgBD, and (h)
Colistin. The dead control (assumed to be 100% cytotoxicity and 0% viability) was 2% TritonX in medium while the
live control (assumed to be 0% cytotoxicity and 100% vaibility) was treated with just medium. The dotted line
representing significant toxicity threshold was plotted at 20% cytotoxicity (LDH) and 80% viability (PrestoBlue®).
For all sub-figures, n=7-9, N=3. The mean was plotted, and error bars represent standard deviation.
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To assess the safety of the conjugate towards mammalian cells, L929 mouse
fibroblasts were exposed at various concentrations for 24h. 16 ug/mL of colistin and
256 ug/mL of TAT-ArgBD were chosen as the highest tested concentrations, which
was later observed to be 64-fold MIC for both compounds. In terms of membrane
damage (LDH release, Figure 3a-d in black), TAT-ArgBD at concentrations < 64
pg/mL (£16-fold MIC) have no significant membrane damage toxicity (>20%) was
observed. As shown in Figure 3e-h, no reduced metabolic activity (PrestoBlue® assay)
was observed except for = 64 pg/mL of TAT-ArgBD.[31], [32]

TAT-ArgBD cytotoxicity was further evaluated in RAW264.7 macrophages,
representing immune cells, to ensure its safety across multiple cell types. Infibroblasts,
TAT-ArgBD showed no significant cytotoxicity at any concentration tested (Figure 3).
Colistin induced mild membrane damage and reduced viability only at 16 pg/mL
(Figure 3d, 3h).

3. Antimicrobial activity

Having established the safety aspects for the TAT-ArgBD, its antimicrobial activity was
investigated to evaluate its potential use as a stand-alone agent. The antimicrobial
activity of ArgBD and TAT were also assessed to determine if they have any notable
antimicrobial activity before they are conjugated. A MIC assay was conducted against
a panel of Gram-negative (P. aeruginosa, E. coli, A. baumannii) and Gram-positive (S.
aureus) strains. As shown in Table 1, the TAT-ArgBD showed good antimicrobial
activity against all strains except for E. coli, while TAT and ArgBD, were not active. It
could also be noted that the multimeric nature caused TAT-ArgBD to have improved
antimicrobial activity of 232 folds in P. aeruginosa compared to free TAT.[14]

Table 1: Minimum inhibitory concentration (MIC, pg/mL) of TAT-ArgBD, ArgBD, and
TAT in different strains. n=2-3

TAT-ArgBD ArgBD TAT
P. aeruginosa (PA14) 4 >64 >64
P. aeruginosa (PAO1) 4 >64 >64
E. coli MG1655 16 >64 >64
A. baumannii DSM 300008 2-8 >64 >64
S. aureus Newman 2 64—>64 64—>64

*Different media were used for different organisms as detailed in the methods section.
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Figure 4: Scanning Electron Microscopy of Pseudomonas aeruginosa PA14 bacter
different treatments, which are (a) no treatment, (b) 4 pg/mL of TAT-ArgBD, (c) 16 pg/mL of TAT-ArgBD. Red arrows
point to intracellular components leaking from the membrane

4 Mechanism of action

To elucidate the mechanism by which TAT-ArgBD exhibits antimicrobial activity, we
investigated its interactions with the bacterial cell envelope using lipid-binding assay,
SEM imaging, circular dichroism, and SAXS. We investigated the origin of the
observed activity of TAT-ArgBD. Given that 1) TAT is known to target lipid bilayer [33],
2) TAT-ArgBD is a macromolecule which overcomes difficult penetrating bacterial
membranes [34], [35] and 3) ArgBD has previously been shown to enhance antibiotic
activity by interacting with LPS on the bacterial envelope [22], we hypothesized that
TAT-ArgBD also exerts its antibacterial effects by targeting the bacterial envelope.
Thus, we visualized the effect of TAT-ArgBD on the cell membrane using SEM. PA14
bacteria were incubated for 2h with different concentrations (0, 4, 16 pg/mL) of TAT—
ArgBD. PA14 bacteria clearly shows holes likely caused by an inhibiting but not lethal
concentration of TAT-ArgBD (4 pg/mL) hitting the bacterial cell envelope at a certain
point causing the leakage of the intracellular components of the bacteria (Figure 4b).
Treatment with a higher likely lethal concentration of TAT-ArgBD (16 pg/mL) resulted
in the formation of larger pores in the bacterial cell membrane, as depicted in Figure
4c. This membrane disruption was accompanied by extensive damage, leading to
bacterial cross-linking and the aggregation of cells into larger clumps. These
observations support the hypothesis that TAT-ArgBD exerts its antibacterial effects
through its action on the bacterial cell membrane.
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Figure 5: Results from small angle X-ray scattering on bacteriomimetic vesicles and bacteriomimetic vesicles treated
with TAT-ArgBD. (a) SAXS pattern of bacteriomimetic vesicles (blue data) and model fit using a multilayer model
consisting of three Gaussian electron density profiles (black line). (b) The resulting electron density profiles without
any treatment, in relation to distance from the bilayer center, z, with sketched lipids forming a lipid bilayer (c) SAXS
pattern of bacteriomimetic vesicles treated with TAT-ArgBD (blue data) and model fit using a multilayer model
consisting of four Gaussian electron density profiles (black line). (d)The resulting electron density profiles of vesicles
treated with TAT-ArgBD in dependence on distance from the bilayer center, z, with sketched conjugate with varying
position partially embedding into the lipid bilayer.

Figure 5 shows the SAXS patterns of bacteriomimetic vesicles and bacteriomimetic
vesicles treated with TAT-ArgBD. The SAXS pattern of the vesicles (Figure 5a) shows
forward scattering below g = 0.02 A", which is due to scattering by the entire vesicles
and a broad peak centered around ¢ = 0.1 A, resulting from scattering at the bilayers.
A multilayer model with three Gaussian electron density profiles to describe the lipid
headgroups in the inner layer, the methyl chains within the bilayers and the lipid
headgroups in the outer layer, respectively, was used to model the scattering pattern.
The data at small g-values (below 0.02 A-') were excluded from the fit because the
curvature of the bilayers as a result of the finite size of the vesicles was not included
in the model. Figure 5b presents the electron density profile of the bilayer in relation
to distance from the bilayer center, z, resulting from the fit, normalized to that of the
buffer. The distance between the maxima of the two outer peaks, representing the lipid
head-groups in the inner and outer layer, respectively, describes the thickness of the
bilayer, and amounts to 45 A. The asymmetry of the profile is presumably due to
density differences between the inner and outer parts of the bilayer, because of its
curvature, like previously published SAXS measurements on vesicle systems.[36]
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Similar to the SAXS pattern of vesicles, the one of bacteriomimetic vesicles treated
with TAT-ArgBD (Figure 5c) shows forward scattering below g = 0.02 A'. However,
the appearance of a double peak around g = 0.1 A" indicates a strong change in the
bilayer structure. A combination of four Gaussian electron density profiles is used to
model the scattering curve. While the model reproduces the double peak, it should be
noted that there are differences between the shape of the peaks of the SAXS pattern
and those predicted by the model. Therefore, only a qualitative description of the
results is possible. The resulting electron density profile, shown in Figure 5d, gives
insights into the bilayer structure. Several observations can be made. Firstly, a
broadening of the Gaussians describing the lipid headgroups (around z = -25 A and z
=25 A, respectively) and methyl chains in the interior of the bilayers (at z = 0) indicate
a more heterogeneous structure as compared to bacteriomimetic vesicles in the
absence of TAT-ArgBD. Secondly, the enhanced electron density around z = 60 A
indicates that the center of mass of the conjugate is located very close to the bilayers-
solvent interface outside the bilayer, representing the normal distribution of conjugates
closer to and further from the center of the layer. Both observations hint towards the
embedding of the conjugate into the outer part of the bilayer, leading to the effects
seen in bacterio, as elaborated by the sketch in Figure 5d.This hypothesis is
furthermore supported by the increased symmetry of the Gaussians describing the lipid
headgroups: The presence of the conjugate increases the electron density on the outer
part of the vesicle, reversing the lowered density due to the curvature of the vesicles
to become almost equal.

To further understand the mechanism, we studied how TAT-ArgBD interacts with lipids
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Figure 6: Dose-response curve of fluorescence quenching of TAT-ArgBD following two fluorophores (excitation
301 nm, and 372 nm with emission of 350, and 520 nm, respectively) with (a) POPG, (b) Cardiolipin, and (c) POPE.

by analyzing its intrinsic fluorescence properties. A strong interaction was
hypothesized to result in fluorescence quenching as TAT-ArgBD binds to lipid vesicles.
We plotted this quenching effect against the molar ratio of TAT-ArgBD to the lipids
POPE, cardiolipin, and POPG (Figure 6). These lipids were selected as key
representatives of bacterial membranes, given that the bacterial cell envelope is
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largely composed of phospholipids, namely POPE, cardiolipin, and POPG, which are
particularly abundant and play critical roles in maintaining the structure and function of
Gram-negative and Gram-positive bacterial membranes, making them an appropriate

focus for this study.[37]

As for the anionic POPG, the ICs values of the fluorescence quenching with POPG
could be calculated as 0.287 mol/mol + 0.013 (emission at 372 nm) and 0.267 mol/mol
+ 0.016 (emission at 520 nm) (Figure 6a). Meanwhile for cardiolipin, the values were
also similar, in specific, the ICso values were 0.267 mol/mol + 0.003 (emission at 372
nm) and 0.25 mol/mol + 0.019 (emission at 520 nm) (Figure 6b). The zwitterionic
POPE was tested with no observed binding with TAT-ArgBD up to the highest tested
ratio (Figure 6c¢). While the binding with the LPS could not be assessed as LPS could
not be solubilized at the molar ratio due to its very high molecular weight. This agrees
with the fact that both interacted lipids are anions and close in chemical structure,
hence can attract cationic molecules [39]. To visualize this interaction on a molecular
level, it can be estimated that one TAT moiety binds approximately four lipid molecules
at the 1Cso. While this estimation does not allow for definitive conclusions, it suggests
that the activity does not follow a conventional 1:1 binding modality, as seen in enzyme-
substrate interactions. Instead, it points toward a more complex mechanism, likely
influenced by the conformation of the lipid-TAT-ArgBD complex within bacterial
membranes.

To investigate the secondary structure of TAT-ArgBD depending on the peptide bond
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Figure 7: Circular dichroism spectra of TAT-ArgBD in (a) phosphate buffer, (b) SDS, (c) 50% TFE, (d) POPE/POPG
vesicles.

polarization of light, circular dichroism (CD) was performed. In buffer and the absence
of any lipids, TAT-ArgBD exhibited a predominant random coil structure, characterized
by a negative peak near 200 nm, while having a very slight triple helix character
signified by a ratio between the -8200/6220 0f 16.23 which is much less friple helix
character than collagen for instance (Figure 7a).[38] In the presence of SDS, which
mimics vesicular structures, no difference was noted from the in-buffer spectrum
(Figure 7b). Similarly, in a hydrophobic lipid mimicking environment (50%
Trifluoroethanol), no significant differences were noted (Figure 7c), indicating that
TAT-ArgBD has no tendency for a certain secondary structure in lipid membranes in
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general. In vesicle made of a mixture of POPE and POPG, TAT-ArgBD displayed a
pronounced a-helical structure, evidenced by district negative bands near 208 nm and
222 nm (Figure 7d). These findings demonstrate that TAT-ArgBD does not adopt an
organized secondary structure in buffer, lipid-like, or hydrophobic environment.
However, its significant transition to a a-helical conformation in the presence of
POPE/POPG vesicles hints towards selective targeting of bacterial
membranes.[35][36]

6. Bacteria killing kinetics
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Figure 8: Time-kill assay for Pseudomonas aeruginosa PA14 for (a) different concentrations of TAT-ArgBD in the
range of (0.5-8 -fold MIC), and (b) 32 pg/mL of TAT-ArgBD (8-fold MIC) conjugates compared to its single chemical
components (32 pg/mL TAT and 16 pg/mL ArgBD) having the equivalent amount and their unconjugated physical
mixture as well as comparison with 2 pg/mL of Colistin (8-fold MIC). (c) Head-to-head comparison of the decrease
of the PA14 count after just 1h of treatment. **** represents p < 0.0001 on one-way ANOVA.

Having established that TAT-ArgBD interacts with the bacterial cell envelope, we next
evaluated the antimicrobial efficacy over time. A time-kill assay was conducted using
CFU counting to determine the speed and extent of bacterial clearance. As shown in
Figure 8a, 8 pg/mL of TAT-ArgBD caused 1-log decrease of PA14 bacteria withing an
hour, while higher doses (32 ug/mL) achieved even 3-log (99.9%) bacterial killing
within the same time period. The maximum Killing speed occurred within the first hour,
and gradually shifted to a steady state after 6h, probably due to the absorption of
partially degraded TAT—-ArgBD onto the bacterial membrane.

In Figure 8b, TAT-ArgBD was compared to its chemical components (ArgBD and TAT)
without covalent bonding, it is noted that each single component possesses no effect
at all against PA14 neither is their physical mixture. However, a mild growth inhibition
was noticed in the case of free TAT, hence, TAT is considered here as the active moiety
of the TAT-ArgBD conjugate. The concentrations of TAT and ArgBD were calculated
based on the conjugation rates, corresponding to their respective masses in 32 pg/mL
conjugated TAT in TAT-ArgBD. Additionally, 2 pg/mL of colistin (8-fold MIC) was
compared to 32 pg/mL of TAT-ArgBD (8-fold MIC) in terms of the Killing kinetics, as
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colistin is an established antibiotic with a membrane-targeting mechanism of action.
[37] As a result, TAT-ArgBD showed a 6-fold greater Killing efficiency against PA14
compared to colistin within the first hour. (Figure 8b and 8c). However, killing kinetic
of TAT-ArgBD and colistin were comparable after 3h. TAT-ArgBD demonstrated a
concentration-dependent rapid elimination of PA14 bacteria within minutes of
exposure. Its superior Killing kinetics in the first hour compared to colistin, emphasizes
the potential as a fast-acting and potent antimicrobial against P. aeruginosa.
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Figure 6: (a) Synergy in Pseudomonas aeruginosa PA 14 depicted by fold MIC reduction when various antibiotics
are combined with 0.5 pg/mL (0.125-fold MIC) of TAT-ArgBD. Checkerboard assays for TAT-ArgBD in combination
with (b) Novobiocin, (c) Imipenem, and (d) Chloramphenicol. Lower left of the red line represents FICI of = 0.5
(significant synergy). MICs of TAT-ArgBD, Novobiocin, Imipenem, Chloramphenicol, Colistimethate Sodium (CMS),
Colisitn, Ciprofloxacin, Meropenem, Ceftazidime were 4, 256, 0.5, 32, 0.5, 0.25, 0.25, 0.125, 2 pg/mL.

Given the rapid bactericidal activity of TAT-ArgBD, we evaluated its ability to enhance
the efficacy of existing antibiotics against PA14 bacteria. As a screening assay, MIC
reduction assay was conducted for several antibiotics, ceftazidime, chloramphenicol,
colistimethate sodium (CMS), colistin, ciprofloxacin, imipenem, meropenem, and
novobiocin, combined with just 0.5 pg/mL of TAT-ArgBD corresponding to a sublethal
concentration (0.125-fold MIC). Synergistic effects were observed with 4 antibiotics,
novobiocin, chloramphenicol, CMS, and imipenem, as shown in Figure 9a. Since CMS
is a prodrug and its active form, colistin, showed no promising synergy, both were
excluded from follow-up studies. Subsequently, follow-up bacterial inhibition
checkerboard assay against P. aeruginosa PA14 was performed for the three
synergistic antibiotics. As shown in Figure 9b, TAT-ArgBD showed strong synergy
with novobiocin, with a fractional inhibitory concentration index (FICI) of 0.25 and a
maximum MIC reduction of 256 folds. Similar synergies were observed with imipenem,
yielding a FICI of 0.375 and a maximum MIC reduction of 16-folds (Figure 9c), while
with chloramphenicol resulting in a FICI of 0.312 and a maximum MIC reduction of 32-
folds (Figure 9d). It is particularly noteworthy, as summarized in Table 2, that
antibiotics are typically active only against Gram-positive bacteria and inactive against
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P. aeruginosa synergized and became highly active against Gram-negative P,
aeruginosa.

Table 2 A summary of the MIC in PA14, the fold reduction in MIC of antibiotics
synergized by TAT-ArgBD (2 pg/mL), and their known target-specific activities

MIC (ug/mL)
Fold MIC Activity Spectru
wio + TAT- reduction Ficl against PA  m Target
TAT- AraBD
ArgBD 9
Novobiocin 256 1 256 0.25 No G+ DNA gyrase [39]
Yes e
Imipenem 05 0031 16 0375  (except Bisal  ope g
CRPA) proteins [40]
Chloramphenic 2 1 32 0312 No Broad 70S  ribosome
ol [41]
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Discussion:

Drug conjugation strategies, including antimicrobial peptide conjugation, have
attracted attention as an efficient approach for enhancing its efficacy. RWK peptide
conjugated to a methoxy core using a triazole linker improve the potency of the free
RWK peptide against A. baumannii from >100 pM to 7.5 pM (>13.3 folds).[42] Glucose-
cored glycocluster through a PEG and a triazole linkers(13aG/GalEG3) could improve
the antimicrobial efficacy for a multivalency of 4 compared to the monomeric form was
improved 23-24 folds.[43]

TAT-ArgBD falls into the category of amphiphilic compounds, which has a length of
12-16 repeating units for optimal antimicrobial activity—a criterion met by the material
design of TAT-ArgBD.[44] By conjugating the TAT peptide onto ArgBD with a
multivalency of approximately 12, TAT-ArgBD achieved more than a 16-fold
improvement compared to free TAT in terms of antimicrobial activity against P,
aeruginosa, S. aureus, and A. baumannii. By conjugating TAT on the ArgBD with a
multivalency of around 12, TAT-ArgBD improved TAT peptide by >16 folds against P,
aeruginosa, S. aureus, A. baumannii. In contrast, a recent study explored multivalent
antimicrobial peptides by conjugating WLBU2 peptide onto a dextran backbone, which
improved WLBU2's efficacy by more than fourfold. However, TAT conjugated to dextran
showed no significant antimicrobial activity.[14] We speculate that the unique structure
and characteristics of ArgBD enabled the TAT-ArgBD to interact with bacterial
membranes due to the greater structural adaptability and significantly enhancing the
potency of multivalent TAT. The flexible hexaethylene glycol spacer facilitates
thermodynamically favorable structures of TAT like a-helix.[45] Additionally, the intrinsic
ability of ArgBD to interact with the LPS layer further amplifies this activity.

We compared the potency of TAT-ArgBD with colistin as an approved antibiotic due
its membrane activity, close to the TAT-ArgBD proposed mechanism. While colistin is
an established antibiotic, its clinical use is limited due to renal toxicity and poor
pharmacokinetics.[46] For example, a clinical study showed that colistin can cause
acute kidney injury at concentrations as low as 2.2 pg/mL, which is above its breakpoint
for P. aeruginosa. Hence, it is unlikely that colistin treats an infected patient without
causing serious side effects.[47]

The design and size of TAT-ArgBD offer significant advantages, as its size of over 4.5
nm prevents it from being filtered through the glomeruli, allowing it to function as a
long-circulating antimicrobial. This potentially maximizes the AUC/MIC ratio and hence
has better safety profile in potential human applications.[48], [49] Additionally, TAT-
decorated nanostructures were observed to have a superior tissue penetration ability,
so it has higher chances of reaching the site of infection.[50] However, the PK/PD
profile of TAT-ArgBD needs further investigation to confirm these expected
advantages.

Conjugating peptides to backbone to yield a multivalent construct often led to
increased hemolysis of RBCs.[12] Although TAT-ArgBD is an amphiphilic cationic
polymer, TAT-ArgBD was shown to be exceptionally safe with a membranolytic index
(Hemolytic concentration/MIC) of >64 relative to similar materials, even in the absence
of corona-forming serum proteins.[42], [43], [51], [52] This safety parameter becomes
especially relevant in the case of IV systemic applications.[53] Interestingly, while
isolated RBCs showed no lysis even above suspected therapeutic concentrations,
mammalian cells were more susceptible to metabolic inhibition. For instance, 128
pg/mL  (32-fold MIC) of TAT-ArgBD reduced metabolic activity, suggesting
mitochondrial inhibition. At the same concentration, cells were mostly still intact and
had some low LDH release. This phenomenon is hypothesized to be due to the TAT—
ArgBD interactions with cardiolipin, which is a shared lipid between bacterial
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membranes and mitochondria.[31], [32] The increased susceptibility of macrophages
relative to fibroblasts suggests that endocytosis can be contributing to the uptake of
TAT-ArgBD into cells, thus greater susceptibility, as macrophages have higher
potential for endocytosis than fibroblasts.[54] In summary, TAT-ArgBD has a LDH CCso
of > 256 pug/mL, which yields a selectivity index (CCso/MIC) of >64. To put this into
perspective, colistin has a LDH CCso of 25 pg/mL (50-fold MIC) with kidney cells, thus
this highlights the potential for developing TAT-ArgBD further for in vivo
experiments.[55]

Beyond the safety profile, TAT-ArgBD demonstrates potent bactericidal activity. As per
the CLSI guidelines, minimum bactericidal concentration (MBC) is defined as the 3-log
decrease (= 99.9%) of the inoculum in the time-kill assay.[56] TAT-ArgBD could meet
this criterion at a concentration of 32 pg/mL, therefore, the 1-hour MBC can be
determined as 32 pg/mL, which happens to not induce toxicity in all our safety studies,
which is a key determinant to consider for further development into human use.[57] To
put this into perspective, a study had pooled 187 time-kill assays, where colistin scored
as the best of the antibiotics in terms of fewer persister bacteria surviving the antibiotic
after treatment among 54 antibiotics, while TAT-ArgBD was shown to be superior to
colistin in the first hour [58]. At longer incubations, this superiority is compromised,
probably explained by the biodegradable nature of TAT-ArgBD as it depends on its
multivalency as well as the TAT moieties which are susceptible to cleavage by bacteria
proteases, such as LasB. Additionally, TAT-ArgBD exhibited potent activity against all
tested strains except for E. coli. This fact hints towards potential microbiome-sparing
properties to maintain a healthy microbiome in the human body. However, there is a
need for future studies to confirm this.[59]

In addition to the stand-alone antimicrobial activity, TAT-ArgBD could demonstrate
strong potential as an adjuvant, converting Gram-positive or narrow-spectrum
antibiotics into broad-spectrum antibiotics against P. aeruginosa for instance. In a study
by Krishnamoorthy et al, it was shown that P. aeruginosa with hyperporation could
reduce the MIC of novobiocin, chloramphenicol, ciprofloxacin, and meropenem by 32-
, 8-, 4-, and 4-folds, respectively.[60] Notably, this ranking of MIC reductions is the
exact same as achieved by combining them with TAT-ArgBD, suggesting that pore
formation is the mechanism of action of TAT-ArgBD by which TAT-ArgBD at higher
concentration can act as a stand-alone antibacterial.[61] To put this into clinical
perspective, novobiocin has a breakpoint of 4 ug/mL against bovine mastitis pathogens
and we could achieve 1 pg/mL, which shows that novobiocin is likely to be safe and
effective at this concentration.[62] Additionally, the EUCAST susceptibility breakpoint
for chloramphenicol is 2 pg/mL for most pathogens, hence 1 ug/mL has the potential
to be applicable to use as combined here in humans against P. aeruginosa
infections.[63] Normally, imipenem is active against PA14, however, it could be even
improved here even more so that only as little as 0.031 pg/mL can inhibit bacterial
growth, which can become then relevant in carbapenem-resistant strains.

This mechanism of action was further explored by a variety of techniques where pore-
formation was shown with a non-lethal concentration of TAT-ArgBD. While these pores
are probably caused by strong binding of TAT-ArgBD to POPG and cardiolipin as
shown by binding assays, leading to the formation of a more organized complex
structure of TAT-ArgBD with the bacterial cell envelope, likely to be an a-helical
structure. Furthermore, SAXS suggests that the conjugate is partially embedded into
the outer part of the vesicles.
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Conclusions:

TAT-ArgBD is introduced as a novel multivalent antimicrobial conjugate which
addresses critical gaps in combating bacterial infections. The resulting construct
demonstrated potent antibacterial activity against both Gram-negative (P. aeruginosa
and A. baumannii) as well as Gram-positive (S. aureus) bacteria, by improving the
activity of free TAT by tens of folds (MICs as low as 2 pyg/mL) and a rapid onset of
action (1-hour MBC of 32 pg/mL). Additionally, TAT-ArgBD showed synergy with
antibiotics like novobiocin, chloramphenicol, and imipenem, enhancing their efficacy
against Gram-negative bacteria and expanding (in case of novobiocin) spectrum of
activity from Gram-positive to encompass Gram-negative pathogens. Mechanistic
studies showed that TAT-ArgBD operates through bacterial membrane pore formation
and ordering the structure of TAT-ArgBD to a-helical structure by embedding into
POPG and cardiolipin lipids of the bacterial cell envelope.

Besides the potential use if TAT-ArgBD as a single-agent anti-infective and as
synergistically acting agent in combination therapy, its lower antibacterial activity
against E. coli compared to exclusively pathogenic bacteria also hints towards
putatively microbiome-sparing properties. Our results suggest that dynamically bio-
responsive polymers, like biodynamers, functionalized with multiple membrane-active
peptides, enable unique molecular interactions with bacterial membranes in addition
to the intrinsic ability of ArgBD to interact with the LPS layer. This may distinguish them
from other polymeric constructs, such as dendrimers, PLGA-, or dextran-based
backbones. Biodynamer-constructs obviously bear potential to develop highly potent
and safe antibacterial therapeutics, especially against MDR infections by some
clinically relevant pathogens. Future research should adapt and optimize this platform
for other peptides as well as explore the utility of it for local or systemic applications in
complex in vitro models or in vivo.
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Figure S1: Fluorescence signal of TAT-ArgBD after incubation in different media after
subtracting the background of the medium alone.
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Figure S2: Absorbance scans for TAT-ArgBD conjugate, ArgBD polymer, and TAT
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Figure S3: Absorbance scan for 100% TAT-ArgBD conjugate compared to 65% TAT
peptide mixed with 35% ArgBD polymer as a validation for the conjugation rate
calculation.
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Figure S4: Cryo-TEM showing TAT-ArgBD particles of less than 10 nm.
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Figure S5: SAXS pattern of TAT-ArgBD in phosphate buffer. A weak shoulder at ~0.05 A
is visible, which shows the presence of uncorrelated particles in the nanometer size
range. Fitting the SAXS pattern using a Beaucage function yields Rg = 3.5 £ 0.2 nm.[1]
The black line is a model fit, as described in the main manuscript.

112



Experimental Chemistry Part:
General Devices, chemicals and analytical methods

Reagents and dry solvents as THF, DMF were purchased at the highest commercial
quality and used without further purifications, unless otherwise stated. For all reactions,
which were performed under inert gas conditions, schlenk flasks were dried in high
vacuum and flooded with nitrogen before use. Corresponding reagents were injected
using a septum or via argon counter flow. Thin layer chromatography (TLC) carried out
on 0.25 mm E. Merck silica plates (60F-254), using shortwave UV light as the visualizing
agent. The products were purified by flash chromatography on silica gel columns
(Macherey-Nagel 60, 0.04-0.063 mm). High resolution mass (HRMS) was determined by
LC-MS/MS using the Thermo Scientific Q Exactive Focus Orbitrap LC-MS/MS system.
The purity of the final products was determined by Liquid chromatography-mass
spectrometry (LC-MS), a Dionex UltiMate 3000 pump, autosampler, column
compartment, detector, and ESI quadrupole MS from Thermo Fisher Scientific and are
found to be >95%.

Proton ('H) and carbon ('3C) nuclear magnetic resonance spectra were recorded on a
Bruker Avance Neo 500 MHz spectrometer using deuterated solvents as an internal
reference (Chloroform (CDCl3): 7.26 ppm 'H NMR, 77.2 ppm '*C NMR,; Dimethyl sulfoxide
(DMSO—-ds): 2.50 ppm 'H NMR, 39.5 ppm *C NMR). The chemical shifts were recorded
in & (ppm) and the coupling constants in Hertz (Hz). The following abbreviations were
used to explain NMR peak multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, p
= pentet, m = multiplet, br = broad.

Synthetic Part
9H-carbazole-3,6-dicarbaldehyde (1)

Br. Br

O o
O ' “ “
+ -BuLi +
o s e — "0
N N
H

H

The general procedure for the synthesis of 2 was followed according to literature.[2] 3,6-
Dibromocarbazole (3 g, 9.29 mmol) was dissolved in anhydrous THF (60 mL) to give a
pale-yellow solution, which was set stirring in a dry ice/acetone bath. An amount of 40 mL
of BuLi solution (1.6 mol L~" in hexane) was added over a period of 20 min, causing the
reaction contents to darken in colour significantly. The cooling bath was removed for 1 h
and then replaced. After 10 min, anhydrous DMF (7.5 mL, 9.7 mmol) was added over 10
min, immediately causing the precipitation of a yellow solid. The cooling bath was
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removed, and the reaction was stirred for 90 min at r.t. After this period, 1M HCI solution
(50 mL) was added, and the reaction was suction filtered. The yellow solid was collected,
and no further purification is needed. The filtrate was extracted with EtOAc (5 x 50 mL),
and the combined organic phases were washed with brine (50 mL), dried over MgSO4
and concentrated under vacuum to a yellow solid. The crude product, which exhibited
deep blue fluorescence under 254 nm irradiation when spotted on a SiO2 thin-layer
chromatography plate, was purified by column chromatography (SiO2, CH2Cl2:MeOH
(95:5) ), yielding 1.5 g (75%) of a yellow solid. The spectral analysis matched those
described in the literature (see below).

H NMR (500 MHz, (CD3);S0): 5= 10.09 (s, 2H), 8.89 (s, 2H), 8.02 (d, J = 8.4 Hz, 2H),
7.73 (d, J = 8.4 Hz, 2H)

13C NMR (500 MHz, (CD3)2S0)): 5= 191.52 (14,15), 143.74 (1,4), 128.71 (8,11), 126.71
(2,3), 124.28 (9,10), 122.20 (7,12), 111.73 (6,13).

15,16
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Figure S6: Proton NMR (top) and carbon NMR (bottom) spectra of compound (1) in
(CD3)2S0.

9-(20-azido-3,6,9,12,15,18-hexaoxaicosyl)-9H-carbazole-3,6-dicarbaldehyde (2)

°°
N
o= =0 % 6
N
+ N + NaH ——
O
N ar{ ™~ V

2
\7/

zZ=Z
v +

The general procedure for the synthesis of 4 was modified according to literature.[2]
Under nitrogen atmosphere, NaH (17.92 mg, 447.97 umol) was added to a solution of 9H
-carbazole-3,6-dicarbaldehyde (100 mg, 447.97 ymol) in dry DMF (7 mL) and was stirred
at r.t. for 15 min. Then, the bromo-azide chain (185.59 mg, 447.97umol) was added, and
reaction mixture was stirred overnight at r.t. Afterwards, water was added and the mixture
was extracted with EtOAc. The combined organic layers were dried over MgSO4, and
concentrated under reduced pressure. The crude product was purified via high-
performance liquid chromatography (conditions = Gradient flow “10ml/min”
(ACN+0.05%FA: H20+0.05%FA) = 5%ACN — 100% in 60 min) affording 93 mg (37%)
of the desired product as a yellow oil.
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H NMR (500 MHz, (CDCls): 8= 10.13 (s, 2H), 8.65 (s, 2H), 8.07 (d, J = 8.5 Hz, 2H), 7.63
(d, J = 8.5 Hz, 2H), 4.58 (t, J = 5.5 Hz, 2H), 3.92 (t, J = 5.5 Hz, 2H), 3.66 — 3.57 (m, 16H),
3.36 (t, J = 5.1 Hz, 2H). 3C NMR (500 MHz, (CDCI3)): 5= 191.89 (14,15), 145.50 (1,4),
130.18 (8,11), 128.17 (7,12), 124.47 (9,10), 123.59 (2,3), 110.67 (6,13), 70.93 (chain),
51.05 (20), 44.45 (40).
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Figure S7: Proton NMR (top) and carbon NMR (bottom) spectra of compound 2 in CDCls.
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Arginine Hydrazide (3)

O
HoN
2 O/ + H,N—-NH, H,N _NH,
MeOH H
HN HN
® ®
HszNHz HZN/&NHz

To a solution of methyl D-argininate (100 mg, 528.43 ymol) in anhydrous MeOH (8 mL)
was added hydrazine hydrate (5 mL) and the reaction was stirred at room temperature
for 24 h. After the completion of the synthesis, MeOH was removed under vacuum (60°C
, 20 mPa). Finally, 2 ml distilled water is added to the product and freeze dried overnight
to remove excess hydrazine hydrate. 80 mg of product (80%) was obtained as a
transparent oil. Care was taken to avoid exposure to moisture.

H NMR (500 MHz, (D20): 5= 3.38 (t, J = 6.7 Hz, 1H), 3.20 (t, J = 6.7 Hz, 2H), 1.71 — 1.51
(m, 4H).

NA

o

g

1923

u "
’_é_‘

T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 5 1.0 0.5 0.0
f1 (ppm)

Figure S8: Proton NMR spectra of compound Arginine Hydrazide in D20.
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Biodynamers synthesis:

The synthesis of ArgBD was conducted as previously described in a previous publication.
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Figure S9: Proton NMR spectra of ArgBD biodynamer.
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TAT-ArgBD

The ArgBD with azide terminus was synthesized following the previous reported protocol
with slight modifications.[2] ArgBD with azide terminus was synthesized by mixing 10
pmol of compound 5 with 10 pymol of arginine hydrazide in 1 mL deuterium oxide acidified
with deuterated acetic acid at pD 3.4. The mixture was kept for 24 hours at room
temperature with occasional mixing and sonication. Upon completion, a reddish
transparent solution was observed.

[0} o 4
o= =0 8 =
(S g Tl :
s O
N + B — H
N N
0 NH 24h NH;
Q
'\{ \/}N"‘N@ A HN)" N o
s M@ HN? ~NH; . No o
i W@

sodium ascorbate (10 equiv.) , CuSOa4 (6.7 equiv.) , and BTTAA (2-(4-((bis((1-(tert-butyl)-
1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid) (13.4 equiv.)
were added as catalysts. Afterwards, 1.2 equivalent of HIV-1 TAT peptide with
Homopropargylglycine terminus was dissolved in 7 mL tert-butanol with 1 mL 10x PBS
and added to the reaction mixture of the ArgBD with azide terminus. The reaction was left
for another 24 hours with stirring at r.t. After the reaction completion, the crude mixture
was washed extensively through Pall 3kDa MWCO with MilliQ water five times. Upon
freeze drying, a yellowish powder was acquired and aliquoted for further use.
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Figure S10: Proton NMR spectrum of TAT-ArgBD in D20.

Due to the quenching of the aromatic protons and in order to prove the formation the
triazole ring in the CuAAC reaction. A non-polymerized version of the TAT-ArgBD was
synthesized and without the carbazole moiety to avoid interference of the aromatic
protons. The reaction was conducted in the exact same way as TAT-ArgBD and purified
on a preparative HPLC column.
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Figure S$11: Proton NMR spectrum of TAT-ArgBD in D20.
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Figure $12: Proton NMR spectrum of HpG-TAT in D20.
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