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A B S T R A C T

Antimicrobial resistance is a global crisis driven by a scarce pipeline of new antibiotics. A major contributor is the 
intrinsic resistance conferred by the bacterial envelope, highlighting the need for innovative molecules for 
improved therapies. In this study, TAT–ArgBD, a conjugate of the cell-penetrating TAT peptide and arginine 
biodynamer (ArgBD), serves in vitro as a multivalent macromolecular antibiotic and synergist. TAT–ArgBD 
rapidly kills 99.9% of Pseudomonas aeruginosa at 32 µg/mL within 1 h, outperforming colistin, and shows min
imum inhibitory concentrations (MICs) of 2–8 µg/mL against Acinetobacter baumannii and Staphylococcus aureus. 
Notably, it potentiates antibiotics such as novobiocin, chloramphenicol, and imipenem, leading to lowered MICs 
up to 256-fold. Notably, novobiocin, typically active only against Gram-positive bacteria, showed activity against 
Gram-negative bacteria when combined with TAT–ArgBD. Mechanistic studies suggest TAT–ArgBD antimicrobial 
and synergistic actions result from preferential binding to POPG and cardiolipin. This interaction induces bac
terial membrane pore formation by adopting an α-helical conformation in the presence of bacterial lipids. With a 
favorable in vitro safety profile, a membranolytic index > 64 and low mammalian cell toxicity at effective 
bactericidal concentrations, TAT–ArgBD’s potential to enhance antibiotic efficacy, as well as function as a stand- 
alone treatment, supports further preclinical evaluation as an antimicrobial adjuvant.

1. Introduction

Antimicrobial resistance (AMR) has attracted increasing attention 
due to alarming projections over the coming decades, especially related 
to the emergence of multidrug-resistant (MDR) Enterobacterales, 
Carbapenem-resistant Acinetobacter baumannii, and Carbapenem- 
resistant Pseudomonas aeruginosa [1–3]. 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, do 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 anti
biotic structures, with limited efforts directed at first-in-class antibac
terial modalities. According to the World Health Organization (WHO), 
scarce antibiotic candidates with novel chemical structures are in clin
ical trials for systemic administration against Gram-negative bacteria, 
predominantly in phase I. Unfortunately, such candidates in a phase I 
clinical trial can have an expected success rate as low as just 7.9% [7,8]. 
Therefore, employing synergistic agents permeabilizing bacterial 
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membranes, like antimicrobial peptides or cell-penetrating peptides 
(CPPs), for poorly accumulating antibiotics, thereby achieving a syner
gistic effect against resistant bacteria, is raised as combination-therapy 
strategy.

HIV-1 TAT is a domain of the Tat viral protein and an established 
CPP that binds strongly to POPG, a major component of the bacterial 
lipid membranes. This interaction shows a Kd value of 7.5 µM (around 
11 µg/mL) and as few as 4600 molecules to saturate the binding to one 
POPG liposome. Computational studies have suggested a mechanism for 
TAT translocation in which the cationic peptide first binds electrostati
cally to lipid phosphates, then induces lipid thinning and transient water 
pore formation that allow TAT to cross the bilayer. Because these pores 
are transient and collapse, free monomeric TAT is not expected to be 
antibacterial or cytotoxic [9,10]. In contrast to free CPP, multivalent 
polymer–CPP conjugates were prepared by conjugating CPPs like TAT 
onto a polymer backbone such as dextran. These conjugates form water 
channels simultaneously in addition to the backbone momentum. Con
jugated TAT constructs (e.g., Nerinetide) have advanced to clinical trials 
supporting their potential applicability and safety for in vivo and human 
applications [11].

Polymer-peptide conjugates can lead to some damage to membranes, 
especially bacterial membranes, thereby synergistically enhancing the 
activity for poorly penetrating antibiotics. For example, WD40, 
enhanced clindamycin activity by up to 4096-fold [12–14]. Therefore, 
various types of polymers, both linear and branched, natural and syn
thetic, have been explored as backbones for polymer–CPP conjugates 
[15–17]. 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) was recently 
studied for its dynamicity, biocompatibility, and physicochemical 
properties in literature, which make it suitable for biological applica
tions [18–21]. 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 [22].

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 enable bacterial selectivity via concurrent interactions with LPS 
and anionic phospholipids because bacteria uniquely present LPS 
together with anionic membrane lipids in the cell envelope. By conju
gating TAT and ArgBD, we anticipated an enhanced engagement of 
bacterial envelopes through TAT’s rapid membrane interaction from 
multivalency, along with the potentiating effect derived from ArgBD, as 
shown in Fig. 1. Therefore, we compared the antibacterial effects of 
TAT–ArgBD, as well as its synergistic effects with conventional 

antibiotics on several bacterial strains.

2. Materials and methods

2.1. Materials

L929 (ATCC-CCL-1) cells were obtained from LGC Standards (Mol
sheim, France). RAW264.7 cell line was obtained from ECACC (Salis
bury, UK). Staphylococcus aureus Newman was provided by Prof. Marcus 
Bischoff from Saarland University hospital. Escherichia coli MG1655 
(DSM18039), A. baumannii (DSM-30008), P. aeruginosa PA01 (DSMZ 
22644), and P. aeruginosa PA14 (DSMZ 19882) were obtained from 
DSMZ (Braunschweig, Germany). RPMI 1640 medium, FCS, and 
Trypsin-EDTA were obtained from Thermo Fisher Scientific (Waltham, 
USA). PrestoBlue™ Cell Viability Reagent was obtained from Sigma- 
Aldrich (St. Louis, USA). Lactate Dehydrogenase (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 ob
tained 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 Thermo Fisher Scientific (Wal
tham, USA). Glutaraldehyde 25% in H2O 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), Chloram
phenicol (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 
(München, Germany), Sigma-Aldrich (St. Louis, USA), Cayman Chemi
cal (Michigan, USA), AdipoGen Life Sciences (Fuellinsdorf, 
Switzerland), TCI chemicals (Eschborn, Germany), Sigma-Aldrich (St. 
Louis, USA), LKT Labs (Minnesota, USA) respectively. Lipopolysaccha
rides 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-phos
phoethanolamine (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), Calcein (MW 622.53) 
was purchased from Sigma-Aldrich. (Saint Louis, Missouri, USA), 
Oxoid™ Sheep blood (SR0051B) was obtained from Thermo Fisher 
Scientific (Waltham, USA).

Fig. 1. Scheme illustrating ArgBD folding, followed by conformational modulation induced by membrane interaction. ArgBD is initially formed under acidic 
conditions via dynamic covalent chemistry, forming the ArgBD backbone. Subsequent constitutional dynamic chemistry drives self-folding of the polymer into an 
ordered core–shell nanostructure, where the core is composed of CA and the shell consists of HEG, stabilized by hydrophobic interactions and π–π stacking. TAT is 
conjugated onto the nanorod surface via Cu-assisted click chemistry (CuAAC), followed by conformational change upon interaction with the target.
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2.2. Peptide quantification and conjugation rate calculation

Quantification followed standard qNMR principles using an internal 
standard [23]. To quantify the TAT content/purity, free TAT or 
TAT–ArgBD were dissolved in Deuterium oxide with maleic acid as an 
internal standard, then 1H-NMR was measured on a Bruker AV500 
(500 MHz) spectrometer. The following equation was applied to calcu
late the concentration of the TAT: 

Psample =
Isample ∗ NRef ∗ Msample ∗ CRef ∗ PRef

IRef ∗ Nsample ∗ MRef ∗ Csample 

Where P, I, N, M, C stand for purity, integral, number of protons, mo
lecular weight, and w/v concentration. The purity of the maleic acid and 
the TAT was assumed to be 100% as the purity of the maleic acid ≥ 99% 
and TAT–ArgBD was later washed to eliminate any unreacted impu
rities. The maleic acid proton signal at ppm 6.3 was used as the refer
ence, while a methylene signal on the lysine residue at ppm 2.8 was used 
as the sample signal. The measured concentrations of TAT in the free 

TAT sample and TAT–ArgBD were then adapted in all of the following 
experiments to ensure that no bias would arise due to different quanti
fication 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 balance (referred to as gravimetry 
method). The following equation was then applied to determine the 
conjugation rate: 

Conjugation rate
(

mol
mol

)

= 100%∗
Mass(X)TAT ∗MwtTAT− ArgBD repeating unit

MwtTAT ∗Weighed MassTAT− ArgBD 

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

As a secondary method (referred to as qNMR method), the ratio of 
the integrations of the methylene 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: 

Conjugation rate
(

mol
mol

)

= 100% ∗
IArg in TAT− ArgBD − IArg in ArgBD

IArg in TAT 

Where I is the integral. The integral of Lysine methylene was assumed to 
be equal to 4.0 in the software; hence, the integral of the arginine could 
be calculated. The IArg in ArgBD 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 for different 
batches using the TopSpin 4.4; hence, the standard deviation could be 
calculated.

Conjugation rate using absorbance was calculated as well, where the 
assay was developed by the authors for the purpose of this study. The 
quantification of ArgBD and TAT was based on four principles: 

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 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: 

Absorbanceat 216 nmTAT− ArgBD =a∗Absorbanceat 216 nmTAT+b

∗Absorbanceat 216ArgBD (1) 

a+ b = 100% (2) 

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 µg/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:  

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 Eq. (3) was then used with 
Eqs. (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 µg/mL 
of ArgBD physically mixed with 32 µg/mL of TAT absorbance was 
measured and compared to 49 µg/mL mass concentration of TAT–ArgBD 
(32 µg/mL of TAT) and graphed to check if it is similar and to what 
degree.

Lipid-Conjugate dose-binding assay:
A fluorescence-quenching–based association assay was developed 

for this study, using standard quenching concepts [24]. 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 µg/mL of 
TAT–ArgBD was added to the wells to obtain different molar ratios. The 
fluorescence was measured after 2 h 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 µg/mL, respectively. The lipids were weighed, dissolved in chlor
oform/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. 2 replicates were performed for each group. The 
binding was determined by the following equation: 

%Quenching = 100% ∗
Flsample− Fllipid background

FlTAT− ArgBD − FlBuffer 

For all biological assays, the activity per TAT content in TAT–ArgBD 
was reported. IC50 is the concentration that inhibits fluorscence by 50%.

2.3. Conjugate time-kill against P. aeruginosa

Time-kill kinetics were assessed using CFU counting adapted from 
CLSI M26 standard. Different samples were diluted and prepared in M9 
bacterial medium in a 96-well plate. An inoculum of around 5*10^5 CFU/ 
mL as final concentration which was initially grown in Mueller Hinton 

Normalized absorbancex =
Absorbancex − Blank Absorbancex

∑
(Absorbance200− 1000 nm − Blank Absorbance200− 1000 nm)/n

(3) 
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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 serially 
diluted up to 10^8 in sterile PBS. 3 spots (10 µL 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. After the colonies were counted, 
the original log CFU/mL concentration was calculated back. The 
detection limit was kept at 33 CFU/mL. 3 biological replicates, 2 tech
nical replicates each (n = 6) were performed. The values were averaged, 
and the standard deviation was calculated.

2.4. Molecular weight determination via SLS

Molecular weight was estimated by static light scattering according 
to standard Rayleigh–Debye analysis using a Debye plot approach [25]. 
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 laser (JDS 
Uniphase) at wavelength of 633 nm. The dn/dc was assumed to be 
0.185 mL/g as the conjugate consisted largely of peptide moieties and a 
refractive index of 1.33. The sample was measured multiple times with 
different concentrations to yield the Debye plot and the molecular 
weight estimate.

2.5. Size determination via DLS

Hydrodynamic size by DLS was measured following established 
practice for biomacromolecules and nanoparticles [26]. 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 In
struments Limited, Malvern, UK) observed from 173◦ backlight scat
tering in triplicate.

2.6. Secondary structure of the conjugate in different microenvironments

The method was adapted from a previous publication with minor 
modifications [22]. 400 µL of 120 µg/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, Ger
many). 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 [27].

2.7. Red blood cells (RBCs) hemolysis assay

The hemolysis workflow and calculation were performed as 
commonly described for membrane-active antimicrobials with some 
modifications due to the positive charges of the conjugate [28]. In two 
Protein Lobind® tubes, 100 µL of sheep whole blood was washed three 
times with 2 mL of PBS in a centrifuge at 1700 g for 2 min. The pellet 
was resuspended carefully in 11 mL of PBS. A dilution series, 50 µL 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 1700 g and 
20 µL were taken out carefully without touching the pellet, which was 
diluted with 50 µL of PBS in a flat-bottom 96-well plate. The amount of 
lysed RBCs was quantified via measuring absorbance at 414 nm. 2–3 
replicates were performed for each group. The following equation was 
applied: 

%Hemolysis = 100% ∗
Abs(sample with RBCs)− Abs(sample without RBCs)

Abs(TritonX with RBCs)− Abs(PBS with RBCs)

2.8. 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 [29–33]. 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 European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) guidelines (ISO20776–1:2019) with some modifica
tions and using a concentration range of 0.03–64 µg/mL for all 
treatments.

The test medium was changed to either M9 or RPMI 1640 supple
mented with 20 mM glucose (RPMIGluc). For both media, a higher 
inoculum was used to support sufficient growth over the 24 h observa
tion period in the modified culture medium. This was 5-fold higher than 
recommended by EUCAST. For M9, a final OD600 in the well of 0.0025 
was used. While for RPMIGluc, initial cell concentration was adjusted to 
McFarland 0.5 and for testing, the cell suspension was further diluted 
1:40 in RPMIGluc to support an inoculum of approximately 2.5 × 106 
CFU/mL.

Tobramycin quality controls in the minimal media of P. aeruginosa 
PA14, P. aeruginosa PA01, E. coli MG1655, E. coli ATCC25922, A. bau
mannii, S. aureus Newman yielded MICs of 0.25, 0.25, 0.25, 0.125, 
0.5–0.1, 8–16 µg/mL, respectively.

2.9. Synergy of TAT–ArgBD with antibiotics

Checkerboard synergy testing and FICI calculation were performed 
as described before with some modifications [34]. 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 µL). TAT–ArgBD dilution 
series was prepared in separate tubes at 4x the target final concentration 
and 25 µL 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 following equation: 

FICI =
MICTAT− ArgBD in combination

MICTAT− ArgBD alone
+

MICantibiotic in combination

MICantibiotic alone 

2.10. Conjugate interactions with different media

The intrinsic fluorescence readout and background subtraction 
strategy follows the same general approach used in our prior 
fluorescence-based binding. 450 µg/mL of TAT–ArgBD was diluted in 
100 µL of different media. The solutions were left for 2 h to allow for 
interactions to take place. Fluorescence was measured using excitation 
301 nm, emission 372 nm, and excitation 350 nm, emission 520 nm. 2 
replicates were performed. The following calculation was performed to 
determine the signal coming from the TAT–ArgBD: 

Signal = Flusample in medium − Flumedium only 

2.11. Viability and cytotoxicity assay on mammalian cells

Cell metabolic activity was assessed using a resazurin-based assay 
and membrane damage via LDH release, following the kits manufacturer 
manuals. L929 (5000 cells/well) and RAW 264.7 (8000 cells/well) cells 
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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 to RPMI 1640 without FCS and incubated at 37 
◦C with 5% CO2. Because protein corona formation can influence 
nanoantibiotic uptake and activity, a protein-poor medium was used 
[35]. Additionally, to avoid bias, the mammalian cells were also incu
bated in such medium because the antimicrobial (efficacy) assays were 
performed in minimal media or RPMI 1640 with glucose (protein poor) 
to have an unbiased selectivity index and comparison. Dead control was 
2% TritonX and the live control was cells incubated in RPMI 1640. After 
24 h, 50 µL 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. 7–9 technical replicates (3 biological replicates) were per
formed. The following equation was applied to measure viability: 

%viability = 100% ∗
Flutreated cells − Fludead control

Flulive control − Fludead control 

The LDH was performed according to the manual of the kit. After
wards, the absorbance was measured at 492 nm. The following equation 
was applied to calculate the cytotoxicity: 

%cytotoxicity = 100% ∗
Abstreated cells − Abslive control

Absdead control − Abslive control 

For graphical clarity, we additionally marked conservative guide 
thresholds in the plots (80% metabolic activity for PrestoBlue® and 20% 
cytotoxicity for LDH release). The 80% threshold was selected as an 
early slightest metabolic impairment and is intentionally a little stricter 
than the ISO 10993–5 cytotoxicity criterion (<70% viability). The 20% 
LDH threshold is widely used as a practical cutoff indicating the slightest 
noticeable change under the microscope as established by our lab.

2.12. Bacteria morphological changes visualization

Fixation, graded dehydration, and HMDS drying were performed 
following established SEM biological-sample preparation workflows, 
with minor timing adjustments for bacterial samples [36]. Bacteria was 
grown until reaching the log phase in M9 medium (PA14) and RPMI 
with Glucose (S. aureus) then was treated for 2 h. Bacteria were then 
washed with PBS to remove the treatment and resuspended in PBS, 
which was fixed with 2% paraformaldehyde and 2% glutaraldehyde 
overnight. Bacteria were 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 imaged with Zeiss SEM EVO HD15 (Zeiss, Germany). 
The same findings were also verified in more than one overnight culture 
using another TAT-ArgBD batch.

2.13. Bacteriomimetic vesicles leakage assay

Liposomes containing calcein (60 mM) were prepared using thin- 
film hydration method as described above with minor modifications. 
A lipid mixture of POPG, POPE and MPEG-2000-DSPE at a weight ratio 
of 25:68:7 were dissolved in Chloroform/Methanol (3:1). The organic 
solvents were then evaporated using a rotary evaporator under reduced 
pressure (200 mbar) at 40 ◦C and 250 rpm, to obtain a thin lipid film. 
The produced film was subsequently hydrated with a calcein solution 
(60 mM) at pH 7.4. The hydration step was followed by sonication in 
water-bath sonicator at 40 ◦C for 60 min. Extrusion was then done 
through a 100 nm polycarbonate filter at 40 ◦C using Avnati™ Extruder 
set (Alabaster, AL, USA). Finally, free calcein was removed from calcein- 

encapsulated vesicles by ten successive washing steps using Centrisart® 
centrifugal filter devices with a 30 kDa molecular weight cutoff 
(MWCO) membrane (Sartorius AG, Göttingen, Germany) at 2000 × g 
and 4◦C. The calcein-release experiments were initiated by mixing the 
suspension of calcein-encapsulated vesicles with PBS solutions of TAT- 
ArgBD, TAT, and ArgBD at concentrations ranging from 0.25 µg/mL to 
16 µg/mL. PBS alone and 0.5% Triton X-100 were used as negative and 
positive controls, respectively. The change in fluorescence intensity due 
to calcein release from the vesicles was monitored with a Tecan Spark
Cyto Plate Reader (Tecan Trading AG, Switzerland). Excitation and 
emission wavelengths were set at 478 and 528 nm, respectively. 3 rep
licates were performed

The amount of calcein released was quantified using a calibration 
curve of free calcein and mixed with calcein-loaded vesicles suspension 
(to exactly simulate the samples). The positive control was quantified 
with a one-point calibration.

2.14. Morphology and particle structure of TAT–ArgBD

Vitrification by plunge-freezing into liquid ethane followed standard 
cryo-EM specimen preparation procedures [37]. A 3 µL 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 Transmission Electron Microscopy 
(cryo-TEM, JEM-2100 LaB6, JEOL, Akishima, Japan) at 200 kV and 
low-dose conditions.

2.15. Structural properties of TAT–ArgBD and TAT–ArgBD-treated 
vesicles

Vesicles were prepared in the same way as done in the circular di
chroism (CD) 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 Avanti™ 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 Kα-line of a copper X-ray source with a wavelength of λ 
= 1.54 Å was focused on the sample with a spot size of 0.25 mm2. 2D 
scattering images were recorded using a Pilatus 300 K detector with 
pixel sizes of 0.172 × 0.172 mm2 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 I(q). Here, 
q is defined as q = 4π×sin(θ/2)/λ with θ being 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. Scat
tering by the buffer was measured separately and subsequently sub
tracted from the data.

The Beaucage function was used to determine the radius of gyration, 
Rg, of TAT–ArgBD dissolved in buffer [38]. 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 [39].

3. Results

3.1. 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 
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allow for flexibility of the peptide to interact (Fig. 2a). To conjugate TAT 
on the ArgBDs, we choose copper-catalyzed azide-alkyne cycloaddition 
(CuAAC) click chemistry, as it is known to be efficient for macromole
cules. To achieve this, the monomer of ArgBD, HEG-conjugated carba
zole dialdehyde (HEG-CA), was prepared based on previously reported 
methods [22] and further modified to introduce azide groups (-N3). 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 N3-HEG-CA. Arginine hydrazide was 
synthesized by reacting N-methyl-D-arginine methyl ester with hydra
zine hydrate in methanol for 24 h. The chemical structures of each 
compound were characterized using 1H-NMR and 13C-NMR spectros
copy, as detailed in the supplementary information (Figures S7-S13).

After synthesizing the monomers, we polymerized them, yielding 
ArgBD-N3 by using Schiff-base reactions between aldehydes and pri
mary amines. The polymerization was performed at a 1:1 mol ratio of 
N3-HEG-CA with arginine hydrazide in the acidic aqueous solution for 
24 h. Lastly, the alkyne-containing TAT was conjugated to the obtained 
ArgBD-N3 using CuAAC to afford a triazole as a non-cleavable linker to 
get the structure shown in Fig. 2a. Details of the synthesis and 1H-NMR 
spectra are provided in the Supplementary Information.

The crude reaction mixture was washed extensively using centrifugal 
filtration (3 kDa MWCO) to remove salts, catalysts, and unreacted free 
TAT and monomers of ArgBD. Using 1H-NMR, UV-Vis absorption, and 
dynamic light scattering (DLS), we confirmed the presence of both TAT 
and ArgBD in the purified product. As seen in Fig. 2b and Figure S2, we 
observed clear TAT 1H-NMR peaks from the purified product, as well as 
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 evidences successful conjugation.

We then quantified the amount of TAT conjugated to ArgBD to 
determine the degree of TAT multivalency. Using quantitative NMR 
(qNMR), the conjugation rate was estimated to be 98 ± 0.64 mol/mol% 
or 67 ± 0.43 w/w% based on the arginine δ methylene and the lysine ε 

methylene 1H-NMR peaks shown in Fig. 2b. For comparison, gravi
metric 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 un
precedented for CuAAC reaction.[25] [26], [27] The high conjugation 
rate suggests a robust platform for creating multivalent constructs.

The weight-average molecular weight of TAT–ArgBD was estimated 
using static light scattering (SLS) in aqueous buffer under native con
ditions. This solution-based method is well-suited for biodynamers 
because it avoids the distribution-bias and fragmentation that can arise 
for dynamic, polydisperse, reversibly linked conjugates. The dn/dc of 
protein was used as the TAT–ArgBD consists mainly of peptides (TAT) 
and the ArgBD is a 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 Fig. 2c. On the other side, it is known that ArgBD can spon
taneously fold into a nanorod, so the conjugate could have a folded 
structure as well [18]. Thus, the hydrodynamic diameters (DH) of the 
nanostructure formed by the conjugate (TAT–ArgBD) as well as the 
backbone (ArgBD) were compared. The volume-based DH of TAT–ArgBD 
and ArgBD were 6.5 and 2.3 nm, respectively (Fig. 2d), which agrees 
with the cryo-TEM image at almost the resolution limit as shown in 
Figure S4 [18]. The radius of gyration (Rg) of the conjugate was 
measured to be 3.5 ± 0.2 nm using SAXS (Figure S5). The ratio between 
Rg (measured by SAXS) and hydrodynamic radius (Rh) (measured by 
DLS) provides insights into the macromolecular geometry of the con
jugate 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) [40]. Therefore, TAT–ArgBD is 
similarly expected to adopt an extended conformation.

Fig. 2. (a) Cryo-TEM image of TAT-ArgBD and structure of TAT–ArgBD. (b) 1H-NMR spectra (ppm) showing (from left to right) peptide backbone, arginine δ 
methylene, lysine ε 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.
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3.2. Hemolysis and cytotoxicity towards mammalian cells

As a core safety parameter, the % RBCs hemolysis by TAT-ArgBD was 
conducted (Fig. 3). Multivalent peptide constructs often exhibit hemo
lytic activity. Yet, neither TAT–ArgBD nor its individual components 
induced significant hemolysis, even at concentrations well above the 
anticipated therapeutic levels (Fig. 3a). As for Fig. 3b, a head-to-head 
comparison of TAT–ArgBD and colistin was performed. At 64-fold 
MIC, TAT–ArgBD (256 µg/mL) was significantly superior to colistin 
(16 µg/mL) in terms of RBCs staying intact.

To assess the safety of the conjugate towards mammalian cells, L929 
mouse fibroblasts were exposed at various concentrations for 24 h. 
16 µg/mL of colistin and 256 µg/mL of TAT–ArgBD were chosen as the 

highest tested concentrations, which were later observed to be 64-fold 
MIC for both compounds. In terms of membrane damage (LDH 
release, Fig. 4a–d in black), TAT–ArgBD at concentrations ≤ 64 µg/mL 
(≤16-fold MIC) showed no significant membrane damage toxicity 
(>20%). As shown in Fig. 4e–h, no reduced metabolic activity (Pres
toBlue® assay) was observed except for ≥ 64 µg/mL of TAT–ArgBD [41, 
42].

TAT–ArgBD cytotoxicity was further evaluated in RAW264.7 mac
rophages, representing immune cells, to ensure its safety across multiple 
cell types. In fibroblasts, TAT–ArgBD showed no significant cytotoxicity 
at any concentration tested (Fig. 3). Colistin induced mild membrane 
damage and reduced viability only at 16 µg/mL (Fig. 4d, 4h).

Fig. 3. 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 ArgBD sample the concentration of ArgBD 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 µg/mL and 0.5 µg/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.

Fig. 4. 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% metabolic activity) 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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3.3. Antimicrobial activity

Having established the safety aspects for the TAT–ArgBD, its anti
microbial activity was investigated to evaluate its potential use as a 
stand-alone agent. The antimicrobial activity of ArgBD and TAT was 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. These well-characterized reference strains were 
deliberately chosen for this study. They serve as a reproducible proof-of- 
concept panel to benchmark the TAT–ArgBD platform across different 
species. In subsequent work, we aim to extend this analysis to clinical 
isolates of P. aeruginosa and A. baumannii to directly evaluate the per
formance of TAT–ArgBD combinations in clinically relevant resistance 
backgrounds. As shown in Table 1, the TAT–ArgBD showed good anti
microbial activity (MIC ≤ 4 µg/mL) against all strains except for E. coli 
(MG1655 and ATCC25922), while TAT and ArgBD, were generally not 
active. As an exception, TAT showed weak activity against E. coli ATCC 
25922, which we cannot fully explain at this stage. However, it can be 
hypothesized that smooth E. coli (ATCC 25922) has a less protective/ 
absorbent LPS than rough E. coli (MG1655), while P. aeruginosa, A. 
baumannii, and S. aureus are inherently different. It could also be noted 
that the multimeric nature caused TAT–ArgBD to have improved anti
microbial activity of ≥ 32 folds in P. aeruginosa compared to free TAT 
[14].

3.4. Mechanism of action

To elucidate the mechanism by which TAT–ArgBD exhibits antimi
crobial activity, we investigated its interactions with the bacterial cell 
envelope using lipid-binding assay, SEM imaging, CD, and SAXS. We 
investigated the origin of the observed activity of TAT–ArgBD. Given 
that 1) TAT is known to target lipid bilayer [43], 2) TAT–ArgBD is a 
cationic macromolecule which might be targeting bacterial membranes 
[44,45] 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 2 h with different concentrations (0, 4, 16 µg/mL) of 
TAT–ArgBD. PA14 bacteria clearly shows pores at an inhibitory, 
non-lethal concentration of TAT–ArgBD (4 µg/mL) hitting the bacterial 
cell envelope at a certain point causing the leakage of the intracellular 
components of the bacteria (Fig. 5b). Treatment with a higher likely 
lethal concentration of TAT–ArgBD (16 µg/mL) resulted in the forma
tion of larger pores in the bacterial cell membrane, as depicted in Fig. 5c. 
This membrane disruption was accompanied by extensive damage, 
leading to bacteria 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. Similar results were also shown in S. aureus. At sublethal 
2 µg/mL, S. aureus bacteria showed membrane damage as shown in 
Figure S6. This pattern of membrane damage is typically characteristic 
of membrane-active peptides targeting bacterial membrane and has 
been reported previously [46,47]. At higher lethal concentrations, only 
bacterial debris but no remaining bacteria could be observed.

Besides, the interaction of TAT–Arg with bacterial membranes was 
examined using model vesicles mimicking bacterial membranes 
composed of POPG, POPE, and cardiolipin. Fig. 6 shows the SAXS pat
terns of bacteriomimetic lipidic vesicles and bacteriomimetic lipidic 
vesicles treated with TAT–ArgBD. The SAXS pattern of the vesicles 
(Fig. 6a) shows forward scattering below q = 0.02 Å-1, which is due to 
scattering by the entire vesicles and a broad peak centered around q 
= 0.1 Å-1, 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 q-values (below 0.02 Å-1) 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. Fig. 6b 
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, rep
resenting the lipid head-groups in the inner and outer layer, which de
scribes the thickness of the bilayer, and amounts to ~43 Å. The 
asymmetry of the profile is presumably due to density differences be
tween the inner and outer parts of the bilayer, because of its curvature, 
like previously published SAXS measurements on vesicle systems, 
hinting towards a vesicle formation [48].

Similar to the SAXS pattern of vesicles, the TAT-ArgBD-treated 
bacteriomimetic vesicles (Fig. 6c) shows forward scattering below q 
= 0.02 Å− 1. However, the appearance of a double peak around q 
= 0.1 Å− 1 indicates a strong change in the bilayer structure. A combi
nation of four Gaussian electron density profiles is used to model the 
scattering curve. While the model reproduces the double peak, it should 

Table 1 
Minimum inhibitory concentration (MIC, µg/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
E. coli ATCC 25922 8 > 64 16
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.

Fig. 5. Scanning Electron Microscopy of Pseudomonas aeruginosa PA14 bacteria after exposure for 2 h to different treatments, which are (a) no treatment, (b) 4 µg/ 
mL of TAT–ArgBD, (c) 16 µg/mL of TAT–ArgBD. Red arrows point to intracellular components leaking from the membrane.
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be noted that there are slight 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 Fig. 6d, gives insights into the bilayer struc
ture, and shows an average bilayer thickness to ~43 Å. Several obser
vations can be made. Firstly, a broadening of the Gaussians describing 
the lipid headgroups (around z = -25 Å and z = 25 Å, respectively) and 
methyl chains in the interior of the bilayers (at z = 0) indicates a more 
heterogeneous structure as compared to bacteriomimetic vesicles in the 
absence of TAT–ArgBD. Secondly, the enhanced electron density around 
z = 60 Å indicates that the center of mass of the conjugate is located 
very close to the bilayers-solvent interface outside the bilayer, repre
senting 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 Fig. 6d. 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 low
ered density due to the curvature of the vesicles to become almost equal, 
hinting towards deterioration of the vesicular structures.

To further understand the mechanism, we studied how TAT–ArgBD 
interacts with lipids 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 (Fig. 7). These lipids were selected as key representatives of 
bacterial membranes, given that the bacterial cell envelope is 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 [49].

As for the anionic POPG, the IC50 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) 
(Fig. 7a). Meanwhile, for cardiolipin, the values were also similar, 
specifically, the IC50 values were 0.267 mol/mol ± 0.003 (emission at 
372 nm) and 0.25 mol/mol ± 0.019 (emission at 520 nm) (Fig. 7b). The 
zwitterionic POPE was tested with no observed binding with 
TAT–ArgBD up to the highest tested ratio (Fig. 7c). 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 struc
ture, hence can attract cationic molecules [39]. To visualize this inter
action on a molecular level, it can be estimated that one TAT moiety 
binds approximately four lipid molecules at the IC50. While this esti
mation does not allow for definitive conclusions, it suggests that the 
activity does not follow a conventional 1:1 binding modality, as seen in 

Fig. 6. Results from small angle X-ray scattering on bacteriomimetic lipidic vesicles and bacteriomimetic lipidic 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.
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Fig. 7. Dose-response curve of fluorescence quenching of TAT–ArgBD following two fluorophores (excitation 301 nm, and 350 nm with emission of 372 nm, and 
520 nm, respectively) with (a) POPG, (b) Cardiolipin, and (c) POPE.

Fig. 8. Calcein leakage assay where different concentrations of treatments (TAT-ArgBD, ArgBD, TAT) were applied to the vesicles for 50 min. Released calcein is 
quantified for every group and reflects the degree of the vesicles’ disruption. PBS was used a negative control, while 0.5% TritonX was used as a positive control 
(releases all calcein). One-way ANOVA significance was utilized to compare PBS Control with the TAT-ArgBD, ArgBD, TAT treatments. ** indicates P ≤ 0.01, **** 
indicates P ≤ 0.0001 compared to PBS, otherwise no significance exists.
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enzyme-substrate interactions. Instead, it points toward a more complex 
mechanism, likely influenced by the conformation of the lip
id-TAT–ArgBD complex within bacterial membranes.

To assess pore formation and its dependence on bacterial lipids, a 
calcein vesicle leakage assay was used. Calcein is a self-quenching dye 
with minimal fluorescence at very high concentration and enhanced 
fluorescence in lower concentrations [50]. Bacteriomimetic lipid vesi
cles without LPS were loaded with highly concentrated calcein, and the 
membrane permeabilization was quantified by measuring fluorescence 
increase following treatment with ArgBD, TAT, and TAT–ArgBD. As 
shown in Fig. 8, ArgBD and TAT showed no significant difference 
compared to negative control (PBS). Also, no non-significant dose-de
pendent effect was observed as well. TAT-ArgBD (8 and 16 µg/mL) 
showed significant increase in the calcein response compared to PBS 
control. Additionally, TAT–ArgBD showed a clear dose-dependent trend 
indicating a clear vesicle disruption only by TAT–ArgBD.

To investigate the secondary structure of TAT–ArgBD depending on 
the peptide bond polarization of light, CD measurements were per
formed. Due to the presence of ArgBD aromatic system in combination 
with the high lipid concentration, the absorbance led to increase in the 
dynode voltage. Therefore, only wavelengths above 200 nm were 
considered for the secondary structures analysis. In buffer and the 
absence of any lipids, TAT–ArgBD exhibited a predominant random coil 
structure, characterized by a negative peak near 200 nm. A very slight 
triple helix character was observed, with a -θ200/θ220 ratio of 16.23, 
which is substantially lower than that for collagen for instance (Fig. 9a).
[51] In the presence of SDS, which mimics vesicular structures, no dif
ference was noted from the in-buffer spectrum (Fig. 9b). Similarly, in a 
hydrophobic lipid mimicking environment (50% Trifluoroethanol), no 
significant differences were noted (Fig. 9c). This indicates that 
TAT–ArgBD has no tendency for a certain secondary structure in lipid 
membranes in general. With the vesicles made of a mixture of POPE and 
POPG, TAT–ArgBD displayed a pronounced α-helical structure, evi
denced by distinct negative bands near 208 nm and 222 nm (Fig. 9d). 
These findings demonstrate that TAT–ArgBD does not adopt an orga
nized secondary structure in buffer, lipid-like, or hydrophobic envi
ronments. However, its significant transition to an α-helical 

conformation in the presence of POPE/POPG vesicles suggests selective 
targeting of bacterial membranes [52,53].

3.5. Bacteria killing kinetics

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.

We performed time-kill kinetics only in Pseudomonas aeruginosa 
(PA14). This strain was selected because P. aeruginosa is a clinically 
relevant, hard-to-treat Gram-negative pathogen frequently associated 
with hospital-acquired infections and multidrug resistance. In this study, 
PA14 also served as our lead Gram-negative model for benchmarking 
both the stand-alone bactericidal activity of TAT–ArgBD and its 
antibiotic-potentiating effects; notably, the strongest and most clinically 
informative synergy signals were observed in PA14. Because CFU-based 
time-kill assays are labor-intensive and require dense sampling, we 
prioritized this strain to quantify killing rate and extent.

As shown in Fig. 10a, 8 µg/mL of TAT–ArgBD caused a 1-log decrease 
of PA14 bacteria within an hour, while higher doses (32 µg/mL) ach
ieved even 3-log (99.9%) bacterial killing within the same time period. 
The maximum killing occurred within the first hour and the curve 
approached a plateau after ~6 h (for both TAT-ArgBD and colistin). 
Such plateaus in time-kill experiments can reflect reduced effective 
exposure over time (e.g., compound degradation/instability during in
cubation or sequestration/adsorption to biomass and surfaces) and/or 
survival of a tolerant subpopulation. These possibilities were not 
distinguished in the present study.

In Fig. 10b, TAT–ArgBD was compared with its individual chemical 
components (ArgBD and TAT) without covalent bonding. Neither the 
individual components nore their physical mixture showed any activity 
against PA 14. 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 µg/mL conjugated TAT in TAT–ArgBD. 

Fig. 9. Circular dichroism (CD) spectra of TAT–ArgBD in (a) phosphate buffer, (b) SDS, (c) 50% TFE, (d) POPE/POPG vesicles.
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Fig. 10. 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 µg/mL of 
TAT–ArgBD (8-fold MIC) conjugates compared to its single chemical components (32 µg/mL TAT and 16 µg/mL ArgBD) having the equivalent amount and their 
unconjugated physical mixture as well as comparison with 2 µg/mL of Colistin (8-fold MIC). (c) Head-to-head comparison of the decrease of the PA14 count after just 
1 h of treatment. **** represents p < 0.0001 on one-way ANOVA.

Fig. 11. (a) Synergy in Pseudomonas aeruginosa PA 14 depicted by fold MIC reduction when various antibiotics are combined with 0.5 µg/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, Mer
openem, Ceftazidime were 4, 256, 0.5, 32, 0.5, 0.25, 0.25, 0.125, 2 µg/mL.
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Additionally, 2 µg/mL of colistin (8-fold MIC) was compared to 32 µg/ 
mL of TAT–ArgBD (8-fold MIC) in terms of the killing kinetics, as colistin 
is an established antibiotic with a membrane-targeting mechanism of 
action [37]. As a result, 8x MIC TAT–ArgBD showed 99.9% killing ef
ficiency versus 98.6% for 8x MIC colistin within the first hour against 
PA14. (Fig. 10b and 10c). However, the killing kinetics of TAT–ArgBD 
and colistin were comparable after 3 h. 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 emphasize the potential as a fast-acting and potent 
antimicrobial against P. aeruginosa.

3.6. Synergy

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, the MIC reduction assay was conducted 
for several antibiotics, ceftazidime, chloramphenicol, colistimethate 
sodium (CMS), colistin, ciprofloxacin, imipenem, meropenem, and 
novobiocin, combined with just 0.5 µg/mL of TAT–ArgBD correspond
ing to a sublethal concentration (0.125-fold MIC). Synergistic effects 
were observed with 4 antibiotics, novobiocin, chloramphenicol, CMS, 
and imipenem, as shown in Fig. 11a. Since CMS is a prodrug and its 
active form, colistin, showed no promising synergy, both were excluded 
from follow-up studies. Subsequently, a follow-up bacterial inhibition 
checkerboard assay against P. aeruginosa PA14 was performed for the 
three synergistic antibiotics. As shown in Fig. 11b, TAT–ArgBD showed 
strong synergy with novobiocin, with a fractional inhibitory concen
tration index (FICI) of 0.25 and a maximum MIC reduction of 256-fold. 
Similar synergies were observed with imipenem, yielding a FICI of 0.375 
and a maximum MIC reduction of 16-fold (Fig. 11c), while with chlor
amphenicol, resulting in a FICI of 0.312 and a maximum MIC reduction 
of 32-fold (Fig. 11d). It is particularly noteworthy, as summarized in 
Table 2, that antibiotics are typically active only against Gram-positive 
bacteria and inactive against P. aeruginosa synergized and became 
highly active against Gram-negative P. aeruginosa.

4. Discussion

Drug conjugation strategies, including antimicrobial peptide conju
gation, have attracted attention as an efficient approach for enhancing 
their efficacy. RWK peptide conjugated to a methoxy core using a tri
azole linker improved the potency of the free RWK peptide against 
A. baumannii from > 100 µM to 7.5 µM (>13.3-fold)[57]. 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, which was improved 23–24 folds [58]. Comple
mentary to such multivalent or scaffolded constructs, rationally engi
neered short AMPs built from coded and noncoded amino acids have 
recently demonstrated. These studies show that carefully tuned 
sequence amphipathicity can deliver nanomolar–micromolar activity, 
robust membrane permeabilization, and low hemolysis in vitro [59]. In 
this context, SR17, a short synthetic designer AMP, was shown to 
combine potent bacteriostatic and bactericidal activity against multiple 
strains. Its mechanism is linked to iron-transporting outer membrane 
proteins, reinforcing the concept that precisely engineered AMPs can 

exploit defined envelope components in Gram-negative pathogens [60]. 
Together, these studies highlight that both sequence-level design and 
supramolecular organization can be exploited to improve 
membrane-active antimicrobials.

TAT–ArgBD constitutes an amphiphilic, membrane-active modality, 
which has a length of 12–16 repeating units for optimal antimicrobial 
activity against both Gram-negative and Gram-positive bacteria—a 
criterion met by its material design [61]. On the other hand, this 
backbone-driven control of peptide conformation where aromatic amino 
(analogous to the carbazole moiety in ArgBD) acids are selected based 
on their conformational landscape to stabilize desired secondary struc
tures in therapeutic peptides preferably after interacting with the target 
[62].

By conjugating the TAT peptide onto ArgBD with a multivalency of 
approximately 12, TAT–ArgBD achieved a more than 16-fold improve
ment compared to free TAT in terms of antimicrobial activity against 
P. aeruginosa, S. aureus, and A. baumannii. 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 enhanced the potency of 
multivalent TAT. The flexible hexaethylene glycol spacer facilitates 
thermodynamically favorable structures of TAT, like an α-helix [63]. 
Additionally, ArgBD has previously been shown to interact selectively 
with the lipopolysaccharide (LPS) layer of Gram-negative bacteria and 
to induce local structural rearrangements at the lipid A interface. 
Embedding this LPS-binding scaffold into TAT–ArgBD is therefore ex
pected to promote initial electrostatic docking and enrichment at 
Gram-negative cell surfaces, allowing TAT moieties to more efficiently 
engage and disorder the underlying anionic phospholipid bilayer. While 
direct visualization of LPS binding by TAT-ArgBD would provide more 
definitive evidence, the preserved ArgBD backbone makes it likely that 
this interaction is maintained and contributes to the overall 
membrane-disruptive and antibiotic-potentiating activity of the conju
gate [22].

We compared the potency of TAT–ArgBD with colistin, an approved 
membrane-active antibiotic, as it represents the closest clinical analogue 
to the proposed mechanism of TAT-ArgBD. While colistin is an estab
lished antibiotic, its clinical use is limited due to renal toxicity and poor 
pharmacokinetics [64]. For example, a clinical study showed that 
colistin can cause acute kidney injury at concentrations as low as 
2.2 µg/mL, which is above its breakpoint for P. aeruginosa. Hence, it is 
unlikely that colistin treats an infected patient without causing serious 
side effects [65]. However, predicting such effects with in vitro models 
beforehand is deemed very difficult due to many reasons including the 
inconsistency of the in vitro models reporting [66].

Although the proteolytic stability of TAT-ArgBD in plasma still needs 
to be established in additional studies, its single-digit-nanometer hy
drodynamic diameter suggests it may evade rapid renal clearance and 
therefore achieve prolonged systemic exposure. Such prolonged expo
sure could be beneficial for PK/PD indices such as AUC/MIC. However, 
it may also represent a disadvantage. Long-circulating macromolecules 
and nanoparticles are often cleared slowly and may accumulate or be 
sequestered in organs such as the liver and spleen, particularly under 
repeated dosing, thereby increasing the risk of delayed or organ-specific 
toxicity. Therefore, the net benefit of prolonged exposure cannot be 

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

MIC (µg/mL)
Fold MIC reduction FICI Activity 

against PA
Spectrum Target

w/o TAT–ArgBD + TAT–ArgBD

Novobiocin 256 1 256 0.25 No G+ DNA gyrase [54]

Imipenem 0.5 0.031 16 0.375
Yes 
(except CRPA) Broad Penicillin-binding proteins [55]

Chloramphenicol 32 1 32 0.312 No Broad 70S ribosome [56]
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inferred from the present in vitro dataset and will require dedicated in 
vivo pharmacokinetics, biodistribution/clearance, and single- and 
repeat-dose safety assessment [67–70]. Additionally, TAT-decorated 
nanostructures were observed to have a superior tissue penetration 
ability, so it has higher chances of reaching the site of infection [71]. 
Additionally, it is hinted in the literature that polymers with hydro
phobic moieties might constitute a good option to penetrate biofilms and 
reach the targets within [72]. However, the PK/PD profile of 
TAT–ArgBD needs further investigation to confirm these expected 
advantages.

Conjugating peptides to the backbone to yield a multivalent 
construct often led to increased hemolysis of RBCs [12]. TAT–ArgBD 
showed a high ‘membranolytic index,’ defined here as the ratio of the 
hemolytic concentration to the antibacterial MIC (Hemolytic con
certation/MIC), exceeding 64 under our assay conditions. This indicates 
a wide in vitro separation between antibacterial activity and erythrocyte 
lysis relative to amphiphilic cationic macromolecules [57,58,73,74]. 
This safety parameter becomes especially relevant in the case of IV 
systemic applications [75]. Interestingly, while isolated RBCs showed no 
lysis even above suspected therapeutic concentrations, mammalian cells 
were more susceptible to metabolic inhibition. For instance, 128 µg/mL 
(32-fold MIC) of TAT–ArgBD reduced metabolic activity (<15%), sug
gesting mitochondrial inhibition. At the same concentration, LDH 
cytotoxicity remained at 25–45%, indicating that cells were still 
partially intact. This phenomenon is hypothesized to be due to the 
TAT–ArgBD interactions with cardiolipin, which is a shared lipid be
tween bacterial membranes and mitochondria [41,42]. In summary, 
TAT–ArgBD has an LDH CC50 (50% Cytotoxic Concentration) of 
> 256 µg/mL, which yields a selectivity index (CC50/MIC) of > 64. To 
put this into perspective, colistin has an LDH CC50 of 25 µg/mL (50-fold 
MIC) with kidney cells, thus this highlights the potential for developing 
TAT–ArgBD further for in vivo experiments [76].

Beyond the safety profile, TAT–ArgBD demonstrates potent bacteri
cidal activity. As per the Clinical and Laboratory Standards Institute 
(CLSI) guidelines, minimum bactericidal concentration (MBC) is defined 
as the 3-log decrease (≥ 99.9%) of the inoculum in the time-kill assay 
[77]. This behavior is similar to other reported polymeric structures 
with positive surface charges, being able to kill different strains of 
bacteria with very high efficiency [78]. TAT–ArgBD could meet this 
criterion at a concentration of 32 µg/mL. Accordingly, the 1-hour MBC 
can be determined as 32 µg/mL. Notably, this concentration did not 
induce toxicity in all our safety studies, a key consideration for devel
opment for further development toward human use [79]. To put this 
into perspective, a study pooling 187 time-kill assays identified colistin 
as the most effective antibiotic in reducing persister survival among 54 
antibiotics, while TAT–ArgBD outperformed colistin during the first 
hour [80]. At longer incubation times, this early superiority is dimin
ished. This effect is likely attributable to the biodegradable nature of 
TAT–ArgBD and the protease susceptibility of its multivalent TAT moi
eties. Future explorative killing-kinetics studies could indeed unravel 
interesting bacterial killing patterns in other strains, especially with 
Gram-negative vs Gram-positive bacteria or with slowly growing 
Mycobacteria. In a closely related strategy, recently developed smart 
antimicrobial peptides (GDST-038, GDST-045 and their retro-inverso 
variants) achieve rapid killing of A. baumannii and S. aureus with min
imal resistance development over 22 serial passages and low hemolysis, 
highlighting the potential of robust membrane-active agents to limit 
persister survival and resistance evolution [81].

Additionally, TAT–ArgBD exhibited potent activity against all tested 
strains except for E. coli. Based on our previous work, the ArgBD back
bone preferentially accumulates and cluster at the bacterial surface 
rather than penetrate deeply into the cell envelope [22]. Accordingly, 
species-dependent susceptibility may not only depend on the overall 
anionic phospholipid content but also on how the respective cell enve
lope architectures (e.g., lateral lipid mobility) permitting such surface 
clustering of TAT–ArgBD. E. coli MG1655 strains possess rough, short 

LPS at the outer surface, whereas P. aeruginosa and E. coli ATCC 25922 
produce smooth LPS. S. aureus does not express lipopolysaccharide at 
all. Such differences might influence the density and accessibility of 
anionic sites for productive cluster formation, although this was not 
directly investigated in our study and is technically very challenging to 
investigate. In this context, the comparatively higher MIC observed for 
E. coli MG1655 could be consistent with less favorable conditions for 
TAT–ArgBD clustering at the cell surface. At the same time, the lower 
activity against E. coli MG1655, which have rough LPS, raises the pos
sibility of microbiome-sparing properties which merits further investi
gation [82–84].

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 antibi
otics 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-fold, respectively [85]. Notably, this ranking of MIC 
reductions is the exact same as achieved by combining them with 
TAT–ArgBD. Together with the observations from SEM images (Fig. 4), 
the consistent reduction of MIC suggests pore formation as the mecha
nism of action of TAT–ArgBD. In addition, at higher concentrations, 
TAT–ArgBD can act as a stand-alone antibacterial agent using the same 
mechanism [86]. Because novobiocin has no EUCAST clinical break
points for human systemic infections, we used a published veterinary 
susceptibility target as a contextual reference. In bovine Mastitis isolates 
(staphylococci, streptococci, and Gram-negative isolates), an MIC of 
≤ 4 µg/mL novobiocin was used to categorize isolates as susceptible; in 
our study, TAT–ArgBD reduced the novobiocin MIC in P. aeruginosa 
PA14–1 µg/mL, which is below this reported target and therefore 
encouraging, while requiring in vivo validation for clinical relevance 
[87,88]. In the case of chloramphenicol, the EUCAST susceptibility 
breakpoint is 2 µg/mL for most pathogens. Hence, 1 µg/mL of chlor
amphenicol, when combined with TAT–ArgBD, could be clinically 
actionable pending in vivo validation against P. aeruginosa infections 
[88]. Also, considering that imipenem activity against PA14 could be 
enhanced by TAT–ArgBD at concentrations as low as 0.031 µg/mL, such 
a low effective dose may be particularly relevant for 
carbapenem-resistant strains, but not as much to normally imipenem 
susceptible strains.

The pronounced MIC reductions observed for novobiocin, chloram
phenicol, and imipenem are consistent with an envelope-driven poten
tiation mechanism, where antibiotic efficacy is primarily limited by 
restricted influx and/or active efflux in P. aeruginosa. Building on our 
prior findings for the ArgBD scaffold, we propose that the cationic 
TAT–ArgBD first enriches at the bacterial surface via electrostatic 
attraction and that the ArgBD backbone can locally loosen LPS packing 
through interactions at the lipid A region [22]. This surface “priming” 
would facilitate more effective, multivalent engagement of the outer 
membrane by the TAT moieties, promoting transient nanoscale defects 
and thereby increasing antibiotic access to downstream targets. Whether 
such defects propagate to the inner membrane cannot be concluded from 
the present data [89]. In this framework, novobiocin benefits from 
alleviated permeability constraints to reach its intracellular target (DNA 
gyrase), while chloramphenicol may additionally gain from increased 
intracellular accumulation if membrane perturbation transiently re
duces efflux efficiency [90,91]. By contrast, imipenem acts on peri
plasmic PBPs, thus, even partial permeabilization of the outer 
membrane, granting enhanced periplasmic access, could explain the 
marked improvement in activity [92].

This mechanism of action was further explored by a variety of 
techniques, where pore-formation was shown with a non-lethal con
centration 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 
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α-helical structure. The calcein-loaded vesicle leakage assay showed 
clear signs of TAT-ArgBD activity without the presence of LPS indicating 
that the conjugate is a versatile tool in against a number of bacterial 
strains. The trend observed in Fig. 8 starts in the range of 2–4 µg/mL, 
which also agrees with the MICs observed in Table 2. This similarity 
hints that intracellular components leakage via pore formation is the 
likely mechanism of action. Furthermore, SAXS suggests that the con
jugate is partially embedded into the outer part of the vesicles. The 
combination of pore formation, local bilayer thinning, and increased 
area per lipid observed here is consistent with recent biophysical work 
on helical AMPs in bacterial lipid model membranes. These studies show 
that subtle thinning and softening of POPE/POPG or cardiolipin- 
containing bilayers correlate with high bactericidal activity, while 
similar effects in eukaryotic-like are associated with toxicity. Incorpo
rating these insights, our data suggest that TAT–ArgBD achieves a 
similar biophysical signature of membrane destabilization, but in a way 
that remains largely confined to bacterial-type anionic lipid environ
ments [93].

5. Conclusion

TAT–ArgBD is introduced as a novel multivalent antimicrobial con
jugate 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 µg/mL) and a rapid onset of action (1- 
hour MBC of 32 µg/mL). Additionally, TAT–ArgBD showed synergy with 
antibiotics like novobiocin, chloramphenicol, and imipenem, enhancing 
their efficacy against Gram-negative bacteria and expanding (in the case 
of novobiocin) the spectrum of activity from Gram-positive to encom
pass Gram-negative pathogens. Mechanistic studies showed that 
TAT–ArgBD operates through bacterial membrane pore formation and 
orders the structure of TAT–ArgBD to an α-helical structure by embed
ding into POPG and cardiolipin lipids of the bacterial cell envelope.

Besides the potential use of TAT–ArgBD as a single-agent anti- 
infective and as a synergistically acting agent in combination therapy, its 
lower antibacterial activity against E. coli compared to exclusively 
pathogenic bacteria also suggests putatively microbiome-sparing prop
erties. Our results suggest that dynamically bio-responsive polymers, 
like biodynamers, functionalized with multiple membrane-active pep
tides, enable unique molecular interactions with bacterial membranes in 
addition to the intrinsic ability of ArgBD to interact with the LPS layer 
[22]. This may distinguish them from other polymeric constructs, such 
as dendrimers, PLGA-, or dextran-based backbones. Biodynamer con
structs may provide a promising route to develop highly potent and safe 
antibacterial therapeutics, especially against MDR infections by some 
clinically relevant pathogens. The promising in vitro profile serves as a 
starting point for future in vivo validation. An important next step will be 
to validate TAT–ArgBD and related constructs on MDR clinical isolates, 
in particular strains in which reduced permeability (porin loss or LPS 
modifications) to confirm that the antibiotic-potentiating effect 
observed here translates to clinically relevant settings. Accordingly, 
future studies that adapt and optimize this platform for other peptides, 
as well as explore its utility for local or systemic applications in complex 
in vitro models or in vivo using resistant strains, could establish this 
system as a strategy to overcome the limitations of conventional 
antibiotics.
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