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Abstract

The global antibiotic resistance crisis necessitates urgent solutions. One innovative approach
involves potentiating antibiotics and non-antibiotic drugs with adjuvants or boosters. A major
drawback of these membrane-active boosters is their limited biocompatibility, as they struggle to
differentiate between prokaryotic and eukaryotic membranes. This study reports the chemical
biology investigation of a dual-action oligoamidine (OA1) booster with a glutathione-triggered
decomposition mechanism. OA1, when combined with other antimicrobial molecules, exhibits a
triple-targeting mechanism including cell membrane disruption, DNA targeting, and intracellular
enzyme inhibition. This multi-targeting mechanism not only enhances thein vitroand in
vivo eradication of antibiotic-resistant “ESKAPE” pathogens, but also suppresses the development
of bacterial resistance. Furthermore, OA1 maintains its activity in bacterial cells by creating an
oxidative environment, while it quickly decomposes in mammalian cells due to high glutathione levels.
These mechanistic insights and design principles may provide a feasible approach to develop novel
antimicrobial agents and effective anti-resistance combination therapies.
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Introduction

Bacterial infections, especially those caused by multidrug-resistant (MDR) bacteria, pose a grave
threat to public health and global healthcare economics [1,2]. The prevalence of antibiotic-resistant
“‘ESKAPE” pathogens, consisting of two Gram-positive bacteria (Enterococcus faecium (E. f), Sta-
phylococcus aureus (S. a)) and four Gram-negative (Klebsiella pneumoniae (K. p), Acinetobacter
baumannii (A. b), Pseudomonas aeruginosa (P. a) and Enterobacter species), has reached an
alarming level [3,4], particularly in hospital-acquired infections affecting immunocompromised or ser-
iously ill patients [5]. With limited clinical treatment options available [2,6], there is an urgent need to
address this critical challenge. Alongside developing new antibiotics with novel mechanisms [7,8],
revitalizing conventional clinically used antibiotics offers a viable approach to expedite the devel-
opment of effective therapeutics against drug-resistant bacteria [9-15]. Additionally, the potentiation
of non-antibiotic compounds, including Food and Drug Administration (FDA)-approved drugs for non-
infectious diseases and other small molecules, shows promise in the discovery of antimicrobials with
innovative modes of action.

One promising strategy for antimicrobial combinations is bioavailability modulation [15], facilitated
by membrane-active compounds. This approach, which has shown synergistic effects with
antibiotics against MDR bacteria, involves the use of membrane-disruptive adjuvants like
Colistin [16,17] and SLAP-S25 [18], as well as synthetic antimicrobial peptides and polymers [19-
22]. These examples have clearly shown that, by exploiting the opportunity to develop broad-
spectrum membrane-active adjuvants with high potency and multi-targeting functions, the effective
suppression of resistance development is achievable. However, a crucial determinant of these
membrane-active molecules lies in their limited biocompatibility, as they do not effectively distinguish
prokaryotic and eukaryotic membranes. Molecular designs for membrane-disruptive adjuvants
utilizing a variety of decomposition chemistry, such as guanidinium functionalized
polycarbonates [23,24], selenium-containing polycaprolactones [25], imidazolium oligomers [26],
and glutathione (GSH)-triggered biodegradable poly(disulfide)s [27], have been explored to address
this critical issue. Nevertheless, most degradations result in a reduced cytotoxicity and antimicrobial
activity simultaneously, leading to limited therapeutic improvements. Therefore, achieving selective
membrane activity and discriminated degradation in bacterial and eukaryotic cells is crucial for
enhancing clinical value and necessitates the additional mechanism for these membrane-active
booster-based combinations.

In the present study, we report a detailed mechanistic investigation showcasing the potential to
differentiate the redox homeostasis between bacteria and human host cells with a novel dual-mode
antimicrobial booster OA1 (Figure 1A). These booster-antimicrobial combinations feature
collaborative membrane disruption, DNA targeting, and intracellular target inhibition, generating a
broad-spectrum sensitizing activity against ESKAPE pathogens. The multitargeting primary lesion
triggers the production of reactive oxygen species (ROS) in bacterial cells, resulting in a significant
shift toward oxidative stress that promotes longer-lasting action of the adjuvant. In contrast, host
cells experience a reductive intracellular environment that efficiently decomposes the unique
disulfide linker of OA1, leading to a significant toxicity reduction. The selective dual-mode of action
and “smart” host cell-specific degradation profile of OA1 may address the challenge of selectivity
and resistance simultaneously. Therefore, the intriguing mechanism uncovered in the present study
may provide meaningful insights into the development of effective antimicrobial treatments against
drug-resistant bacteria.

Experimental

Instrument information, additional synthetic procedures, and experiment protocols can be found in
the Supporting Information online.



Results and discussion

Construction of a membrane-targeting antimicrobial booster model with a trigger-degradable
linkage

In our previous work, we reported the synthesis of poly-cationic oligoamidines (OAs) with various
linker units through the condensation reaction of p-ethylphthalimidate and different diamines
(Figure 1B) [28]. These polycationic oligomers demonstrate the unique ability to selectively target
bacterial membranes and DNA simultaneously [28]. Their membrane-active properties make them
potential candidates for boosting antimicrobial effects, similar to other cationic membrane-active
antimicrobial agents. The selectivity of these oligoamidines in disrupting bacterial cell membranes
further suggests that this property may be inherited when used as boosters. To develop our model
boosting agent, we incorporated a degradable linker into the oligoamidine scaffold via a
polymerization process with cystamine. The resulting oligoamidine, OA1, contains biothiol-active de-
gradable linkers (Figure 1B, C and Figure S1, Supporting Information online). For comparison
purpose, OAs with inert linkers (OA2-OA6) were also synthesized. Matrix-assisted laser
desorption/ionization—time-of-flight (MALDI-TOF) was employed to verify the degradability OA1 by
the detection of the oligomer in the OA1 sample and the sub-sequent disappearance of
the OA1 signal following the treatment with GSH or dithiothreitol (DTT), as shown in Figure 1D.

An initial assessment was conducted to investigate the antibacterial efficacy of the model adjuvant.
The minimum inhibitory concentration (MIC) values of the adjuvant were determined against a variety
of bacteria, including the clinically isolated MDR strains. The observed MICs ranged from 0.25 to 32
Mag/mL, providing compelling evidence that these polycationic oligomers possess potent antibacterial
properties, effective against a broad spectrum of pathogenic microbes, irrespective of their existing
antibiotic resistance (Figure 2A and Table S1, Supporting Information online). Additionally, we
evaluated the MIC value against E. coli and the half-maximal inhibitory concentration (IC50) against
RAW 264.7 cell line for a modified compound rOA1. The results (Figure 2B and Figure S2) revealed
that the disruption of disulfide bonds in OA1 resulted in a substantial reduction in both antibacterial
activity and toxicity compared with the unmodifiable counterpart (OAB).

We then evaluated the ability of this model adjuvant in enhancing the antimicrobial activity of critical
clinical antibiotics while also reducing antibiotic resistance in both Gram-positive and Gram-negative
bacteria. For this purpose, we conducted a screening study with 32 antibiotics (Table S2), which
were specifically selected by the WHO advisory group on integrated surveillance of antimicrobial
resistance (AGISAR) to ensure their representativeness [29,30]. Our assessment involved an initial
examination for the sy-nergistic therapeutic effects of a sub-inhibitory concentration of OA1 in
combination with these antibiotics against two laboratory strains, S. a and A. b (Tables S3 and S4),
finding differential sensitization effects against various antibiotics. Checkerboard assays were next
conducted to evaluation combinations with observed synergy from the above screening results.
Fractional inhibitory concentration index (FICi) is calculated for each combination, and a combination
is considered to be synergistic when FICi < 0.5 and antagonistic when FICi > 4 [31]. Oligoamidine
structures with inert linkers (OA2—OAG6) were also tested for comparison. Among all the oligomers
studied, OA1 exhibited the most potent synergistic effect, sensitizing 9.4% of antibiotics
against S. a and 25% against A. b (Figure 2C and Figure S3). Further analysis of the antibiotics
revealed that Colistin, Kanamycin, Bacitracin, and Gentamicin displayed the best synergistic
interactions with OA1 (Figure 2D). Importantly, this positive synergy extended beyond S. a and A. b,
as it also showed promising results against other clinical ESKAPE pathogens with multi-drug
resistance (Figure S4). These findings unequivocally confirmed that the model
adjuvant OA1 possesses the desirable degradability and a broad-spectrum sensitizing capability.



Enhanced synergistic effects of non-antibiotic small molecules in combination with OA1

To explore new small molecule antimicrobials with OA1 as an adjuvant, we conducted a screening
process using FDA-approved non-anti-infective drugs and a library from the National Cancer Institute
(NCI). The screening was performed in the presence of OA1 at 1/4 MIC or 1/8 MIC (Figure 2E). As
a result, we identified 15 promising compounds that, when combined with OA1, exhibited enhanced
efficacy against A. b, bolstering their bactericidal abilities.

Among these compounds, NSC50651 emerged as the most potent hit, demonstrating a 32-fold or
higher reduction in the MIC against A. b when used in conjunction with OA1 at 1/8 of the MIC (Table
S5). Additionally, checkerboard assays were carried out to assess the combined effects of OA1 with
fingolimod, NSC50651, NSC24113, and NSC354844. The results consistently revealed an FICi
ranging from 0.09 to 0.31, indicating a synergistic interaction (Figure 2F). These findings suggest
that OA1 has the potential to significantly enhance the bactericidal properties of non-antibiotic com
pounds, and the identified synergistic combinations may hold promise for combating A. b infections
more effectively.

Collaborative membrane disruption of OA1 and cargo antimicrobial

As shown in Figure 2C, E, the interaction between OA1 and small molecule antimicrobials, termed
“cargo antimicrobial”, exhibits significant structure selectivity. Previous studies have shown that, in
Gram-negative bacteria, this selectivity is partly due to the collaborative membrane lysis between
the symmetric di-cationic sensitizer and the cargo antimicrobial, which plays a crucial role in the
synergistic mechanism [32,33]. Building on this understanding, we hypothesize that a similar
mechanism may also work in OA1-small molecule antimicrobial combinations and it could be
effective against both Gram-positive and Gram-negative bacteria. To verify this assumption, we
selected Colistin, an antibiotic that demonstrated synergistic effects with OA1 against
both S. a and A. b, to explore their synergistic antibacterial mechanism on the bacterial membrane.
Firstly, the extent of membrane damage resulting from the combination of OA1 at 8 ug/mL and
Colistin at 0.5 pg/mL was examined using scanning electron microscopy (SEM). Figure 3A il-
lustrates the presence of bacterial cell membranes with fragments and wrinkled surfaces in response
to the combined treatment. It is noteworthy that these morphological alterations were not observed
when either OA1 at 8 ug/mL or Colistin at 0.5 pg/mL was used individually.

Next, we aimed to understand how OA1-Colistin combination interacted with the bacterial membrane.
To gain insights into their potential binding targets, we examined the interaction between the OA1-
Colistin combination and lipopolysaccharides (LPS)/phosphatidylglycerol (PG), which are major
components of the outer membrane in Gram-negative bacteria and the plasma membrane in Gram-
positive bacteria, respectively [34]. An LPS or lipid interference assay was utilized to assess the
interaction between individual agents or their combination with exogenously added LPS or lipids. In
this assay, an increase in the MIC of an agent indicates its higher affinity with the added lipid. We
first studied the effect of exogenous LPS on A. b growth inhibition by OA1, Colistin, and their
combination. OA1 alone showed a 2-fold increase in MIC with LPS added (Figure 3B, C). Colistin
significantly increased the ability of OA1 binding to LPS, resulting in a 32-fold MIC change (Figure
3C). This result suggests that LPS plays a role in the activity of OA1-Colistin combination. We
speculated a similar effect with PG, the primary phospholipid in Gram-positive bacteria (~53% of the
total phospholipids in S. a), which was confirmed when exogenous PG diminished the synergistic
effect between OA1 and antibiotics against S. a (Figure 3D, E). The MIC of Colistin combined
with OA1 was also increased in the presence of exogenous PG (Figure 3E), indicating that the PG-
OA1-Colistin interaction may drive collaborative membrane lysis in Gram-positive bacteria.

The aforementioned morphological alterations and bacterial membrane interaction observed
for OA1-Colistin combination prompted us to further confirm the effect of combination on membrane
function as a permeability barrier. This was evaluated using a standard propidium iodide (PI) assay,



where only a permeabilized bacterial membrane allows the entry of PI, leading to subsequent
intercalation with DNA and a red fluorescent signal. As shown in Figure 3F and quantified
in Figure 3H, these results clearly demonstrate that only the combination of OA1 and Colistin per-
meabilizes the bacterial membrane, while the single drug does not show this effect. It thus is an
example of synergistic interactions between agents acting on a mutual target (LPS) [15], wherein
the binding of OA1 further stabilizes the interaction between Colistin and LPS. Similar example of
such mutual stabilization was reported by Song’s group [28,35], in which the LPS/PG-targeting
SLAP-S25 also synergized with Colistin [18]. Importantly, the permeability effect is specific to
bacterial cell membranes, as the combination-treated mammalian cells displayed a minimal
permeability change in the PI staining assay (Figure 3G, H). This is mainly due to the endocytosis-
based model of OA1 uptake into host cells, as previously demonstrated for other OAs, as well as
the low affinity of Colistin for host cell membranes.

OA1 increases the accumulation of cargo antimicrobial

A direct result of the above synergistic membrane permeabilization caused by the OA1-Colistin
combination is a significant increase in the uptake of both OA1 and the cargo antimicrobial. To
visualize this process, we examined the accumulation of a Rhodamine B-labeled Valnemulin (Val-
RhB) in E. coli. The results showed a significant increase in intracellular Val-RhB accumulation in
the presence of 32 uyg/mL OA1 (Figure 4A). Moreover, increasing the concentration of Val-RhB from
2 to 64 pg/mL further enhanced its accumulation in a dose-dependent manner (Figure 4B). This
increased accumulation of Val-RhB is likely a result of the impaired bacterial membrane caused by
the OA1-Colistin combination treatment, allowing more drugs to enter the bacterial cells. Confocal
microscopy confirmed the intracellular localization of Val-RhB in the bacterial cytoplasm
(Figure 4C and Figure S5). Similar results were also obtained with a fluorescent analog of Colistin
(Figure S6). Moreover, the results of collaborative membrane disruption and intracellular
accumulation of cargo antimicrobial were verified in A.b when it was treated with OA1 and cargo
antimicrobial combinations (Figure S7). These findings suggest that OA1 disrupts the bacterial
membrane, promoting the accumulation of antibiotics within bacterial cells.

Targeting of intracellular biomacromolecules by OA1-cargo antimicrobial combinations

The collaborative membrane disruption induced by the OA1- cargo antimicrobial combination greatly
enhances the permeability of the bacterial membrane, facilitating the entry of both OA1 and the
cargo antimicrobial. Once internalized, OA1 and the cargo antimicrobial may thus target their re-
spective intracellular sites, including enzyme targets and DNA. To verify the interaction with these
targets, we first focused on bacterial protein synthesis as a key antimicrobial mechanism of action
for the cargo antimicrobial Gentamicin, selected from our previous screening. In the presence
of OA1 and Gentamicin at various combinations, fluorescence from a GFP-expressing S. a strain
decreased approximately 1.5- to 5.1-fold compared with cells treated with either drug alone
(Figure 4D). This suggests that the combination of OA1 and Gentamicin leads to increased inhibition
of bacterial protein synthesis, including GFP.

In addition to enzyme targeting, OA1, with its alternating amphiphilic nature, has the potential to
interact with bacterial DNA that carries negative charges. Gel-retardation assays confirmed the in
vitro interaction of OA1 with bacterial DNA, as the mobility of the DNA was significantly inhibited in
a concentration-dependent manner upon mixing with OA1 (Figure 4E). Further investigations
revealed that the antibacterial activity of OA1was suppressed in the presence of
exogenous E. coli plasmid DNA in a dose-dependent manner, indicating the formation of polyplexes
and deactivation of OA1 due to its binding with DNA (Figure S8). On the other hand, Colistin, which
is not targeting DNA, shows no effects on antibacterial activity under the same conditions. The
intracellular interaction of OA1 with bacterial and mammalian DNA was further investigated using
confocal microscopy analysis, which showed that OA1-FITC (fluorescein isothiocyanate



labeled OA1) stained the bacterial nucleoid in E. coli, colocalizing with DNA staining by Hoechst
33342 (Figure 4F). However, in mammalian cells, OA1-FITC did not enter the nucleus despite it was
able to enter the cells, as it was unlikely to be permeable to the nuclear membrane (Figure 4F).
These results suggest that the off-target interaction of OA1 with the DNA in mammalian cells is
largely minimized, contributing to the low toxicity of OA1 against mammalian cells.

Taken together, our findings strongly support the multi-mechanism of action of the OA1-cargo
antimicrobial combination, which includes membrane targeting and subsequent collaborative
membrane lysis, bacterial DNA targeting, and inhibition of intracellular enzymes. As we will discuss
in the following sections, these potent primary actions may result in an increased oxidative stress in
bacteria and induce the production of ROS. This oxidative cellular environment may
stabilize OA1 and is thus favorable for the long-lasting antimicrobial effect of OA1 in bacterial cells
(Figure 5A).

OA1 selectively induces ROS production in bacteria

Bacteria growing aerobically naturally generate ROS as a byproduct of their metabolic processes to
enhance energy conversion from growth substrates [36]. Additionally, exposure to various lethal
external stressors, including bactericidal antibiotics that inhibit he bacterial biomacromolecule
synthesis, may trigger an additional cascade of ROS production via genetic pathways like toxin-
antitoxin modules [37,38] (Figure 5Ai). We observed that the multi-mode OA1-cargo antimicrobial
combination exerts significantly greater stress on bacteria, as evidenced by its faster bactericidal ki-
netics compared with both individual antimicrobial components and standard antibiotics (Figure 5B).
To obtain more evidence, we measured ROS production in E. coli treated with the OA1-cargo
antimicrobial combination at different concentrations, using a dichlorofluorescein diacetate (DCFH-
DA) probe and flow cytometry (Figure S9A). We found that the ROS levels in the bacteria treated
with the OA1-cargo antimicrobial combination were significantly higher compared with untreated
bacteria, as well as to the individual antimicrobial components or standard antibiotics (Figure 5C).
Conversely, since membrane permeabilization or DNA targeting by the OA1-cargo antimicrobial
combination was absent in mammalian cells (Figures 3G and 4F), the combination exhibited only
weak ROS production in mammalian cells (Figure 5D and Figure S9B). Overall, the selective
accumulation of ROS in bacteria not only contributes to the enhanced antibacterial activity of
the OA1-cargo antimicrobial combination, but also potentially preserves the OA1 structure through
the regulation of redox homeostasis (Figure 5Ai).

Modulation of cellular redox homeostasis and discriminated biodegradability of OA1 in vivo

The equilibrium of reducing and oxidizing reactions within live cells, known as cellular redox
homeostasis, is a critical and dynamic process governing various biological responses and
events [39]. Cells have evolved diverse mechanisms to regulate and manage redox balance,
including antioxidant defense systems, redox-regulated transcription factors, metal ion homeostasis,
and crucially, the tripeptide GSH [40]. GSH exists in both reduced (GSH) and oxidized (GSSG) forms,
and the concentration of reduced GSH provides valuable insights into the cellular redox state [41].
Bacteria with overproduction of ROS as a result of stimulation by lethal external stressors, such as
the OA1-cargo antimicrobial combination, may display a low level of GSH (Figure 5Aii). In our study,
we directly measured GSH levels in bacterial and mammalian cells treated with OA1 using a
previously reported BCC probe [42]. The results revealed that the GSH level in mammalian cells was
significantly higher than that in bacterial cells after the treatment (Figure 5E). This difference is likely
due to the consumption of GSH by ROS in bacterial cells, leading to a discriminated biodegradability
of OA1 under cellular conditions (Figure 5Aiii).



The decomposition of OA1 was examined indirectly through an MIC alteration assay, as previous
studies have demonstrated that the decomposition product, rOA1, significantly loses its antimicrobial
activity compared with the intact OA1 (Figure 2B). OA1 was incubated in both bacterial and
mammalian cell cultures for 24 h to allow possible decomposition. Then, the cells were lysed to
release OA1or its decomposed product,rOA1. MICs of the |Iysate mixture
containing OA1 or rOA1 were assayed to determine the presence of intact OA1 or
decomposed rOA1. As anticipated, the antibacterial activity of OA1 notably decreased after
incubation with mammalian cells, resulting in a 16-fold increase in MIC (Figure 5F). As a
control, OA1 incubated in Dulbecco’s modified Eagle medium-fetal bovine serum (DMEM-FBS)
medium (used for mammalian cell growth) remained active, suggesting that OA1 decomposition was
a consequence of GSH reduction within mammalian cells. Conversely, no change in the antibacterial
activity of OA1 was observed after incubation with bacterial cells, likely due to the consumption of
GSH by the overproduced ROS (Figure 5F). As an additional control, OA6, an oligomer with an inert
linker, exhibited no significant difference in antibacterial activity following incubation with either
bacterial or mammalian cells (Figure S10A). Furthermore, liquid chromatography-mass spectrometry
(LC-MS) was used to directly detect the degradation product rOA1 after treatment under different
conditions (GSH in vitro, mammalian cells and bacterial cells), and the findings were consistent with
prior observations. rOA1 was detected in mammalian cells, consistent with treatment with GSH in
vitro, but not in bacterial cells (Figure 5G and Figure S10B). These results indicate that OA1 is
susceptible to degradation in mammalian cells with high GSH content, while OA6 is not. The
differentiated biodegradability of OA1 in different cellular environments underscores the importance
of cellular redox homeostasis and GSH in influencing the fate of OA1 in vivo, as well as in ensuring
proper biocompatibility of this antimicrobial booster (Figure 5Aiv).

OA1 demonstrates a non-toxic biocompatibility profile and desirable therapeutic index

To assess the biocompatibility of polycationic oligomers, including OA1, we evaluated their
hemolytic toxicity, cell growth inhibition, lethality to C. elegans, and therapeutic index in bacterial
eradication (Table S6). Hemolytic toxicity was assessed using the HC50 value, representing the con-
centration required to lyse 50% of red blood cells (RBCs) within 1 h. Among the
oligomers, OA2 and OA4 exhibited relatively high hemolytic toxicity with HC50 values of 44 and 79
pg/mL, respectively. However, the other oligomers displayed low hemolytic activity, with
HC50 values ranging from 165 to 5000 ug/mL. For cell growth inhibition, we measured the half-
maximal inhibitory concentration (IC50) against NIH/3T3 and Raw 264.7 cell lines (Table
S6). OA1 showed IC50 values ranging from 135 to 238.5 ug/mL, significantly higher than its
analogues with inert linkers (<10 pg/mL). This indicates that OA1 has superior biocompatibility
compared with other cationic oligomers synthesized in this study, owing to the presence of a
decomposable disulfide linker that is susceptible to reductive decomposition by GSH in mammalian
cells. This biocompatibility results in the best therapeutic index among all the oligomers (Figure 5H).
Together with its high LD50 (median lethal dose) against C. elegans (> 512 ug/mL), the favorable
biocompatibility and potent antimicrobial properties of OA1 make it a promising candidate for treating
bacterial infections in animal models.

Synergy of OA1-cargo antimicrobial combination suppressed antimicrobial resistance
evolution

The multi-mode of action of OA1-cargo antimicrobial combination is believed to contribute
significantly to a resistance-suppression effect. As depicted in Figure 6A and Figure S11, bacterial
strains (B. s, A. b and E. coli) rapidly developed resistance to individual antibiotics like Kanamycin,
Ampicillin, and Gentamicin, possibly through target mutation, efflux pumps or other deactivation
mechanisms [43]. In contrast, the combination of OA1 with Gentamicin showed a remarkable



reduction in the rate of resistance generation (Figure 6A and Figure S11B). The synergistic
antibacterial effect of the OA1-Gentamicin combination was also observed against Gentamicin-
resistant E. coli from the resistance evolution (Figure 6B). These results clearly demonstrate the
resistance-resistant nature of OA1-cargo antimicrobial combination. By utilizing multiple
mechanisms of action from OA1-cargo antimicrobial combination, we may effectively combat
antimicrobial resistance and slow down its development. The OA1-cargo antimicrobial combination
shows great promise in addressing the pressing issue of antimicrobial resistance and may provide
a powerful therapeutic strategy in the fight against drug-resistant bacterial infections.

Antibacterial effects of OA1-cargo antimicrobial combination in ex vivo and in vivo models

Having demonstrated attractive in vitro antibacterial activity in combination with various conventional
antibiotics, we further investigated the antimicrobial effects of OA1 against ex vivo bacterial
infections in mammalian cells (Figure 6C) and in vivo using the C. elegans model. The antimicrobial
activity of OA1, Kanamycin, and the OA1-Kanamycin combination was evaluated in an A. b-NIH/3T3
cell co-culture model (Figure 6D, E). The combination of OA1 (at 16 or 32 pg/mL) and Kanamycin
(at 2 pg/mL) significantly eradicated A. b from the co-cultured cells. In contrast, neither Kanamycin
nor OA1 individually exhibited significant killing effects against A. bin the cells. These results
strongly support the bactericidal effect of OA1-Kanamycin combination, most likely due to their
synergistic action.

To study the in vivo bactericidal activity of OA1 in combination with antibiotics, C. elegans was used
as an animal model and infected with A. b. When treated with a combination of 16 ug/mL OA1 and
1 pg/mL Rifampicin, all bacteria were completely eradicated. In contrast, all single-agent treated
groups showed limited efficacy (Figure 6F). Moreover, even under milder conditions using 4
pug/mL OA1 and 0.25 pg/mL Rifampicin, the combined treatment significantly reduced bacterial
loading in worms (Figure S12A). Similarly, a combination of 32 ug/mL OA1 and 2 ug/mL Kanamycin
also decreased the bacterial load with 3 log reductions in bacteria count in worms (Figure S12B).
These results collectively indicate that OA1 acts as a potential antibacterial sensitizer in an
advanced infection model in vivo. Overall, the finding from both ex vivo and in vivo models
underscores the promising therapeutic potential of the OA1-cargo antimicrobial combination in
combating bacterial infections, opening a new approach for further research and development in this
challenging area.

Conclusions

In conclusion, our study demonstrated a model biodegradable poly(disulfide) oligomer, OA1, which
displayed significant enhancement of antibiotic potency and suppression of drug resistance against
“ESKAPE” bacteria when it combined with conventional antibiotics. Additionally, OA1 facilitated the
effective repositioning of non-antibiotics for the treatment of S. a and A. b infections. OA1-
combinations demonstrate a multiple mechanism of action, specifically involving membrane
targeting and subsequent collaborative membrane lysis, bacterial DNA targeting, and inhibition of
intracellular enzymes. Such strong primary lesion results in the generation of high levels of ROS,
leading to an oxidative environment within bacterial cells. Notably, OA1 could be persistent in
bacterial cells while being selectively degraded within mammalian cells, offering a promising solution
for improving the therapeutic index of membrane-active adjuvants. Moreover, the successful
demonstration of combination therapies using OA1 and conventional antibiotics in bacteria-
mammalian cell co-culture models and an A. b infected C. elegans model further validates the
potential of OA1 as a potent adjuvant. Although OA1 is currently a model adjuvant, further structural
design, tuning, and optimization may enhance its effectiveness and biosafety in large animal models.
Furthermore, the molecular design and unique mechanistic feature of OA1 provide valuable insights
for the development of new antibiotic boosters. OA1 presents a feasibly approach to address the



biocompatibility issues commonly associated with cationic, membrane-active sensitizers. With
continued research and development, such adjuvants may hold promise for advancing the field of
antibiotic therapy and combating bacterial infections more effectively.
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Figure 1. Design and characterization of OA. (A) Scheme for an antimicrobial booster (oligoamidine)
with a multi-mode mechanism including collaborative membrane disruption, DNA targeting, and
intracellular enzyme inhibition. (B) Synthesis of a series of oligoamidines. (C) Gel permeation
chromatogram of OA1 with marked molecular weight in Dalton (Da). (D) MALDI-TOF spectrum
of OA1 and rOA1 (the decomposed product of OA1); m/z, mass/charge ratio.
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Figure 2. Antimicrobial activity of OA-antibiotic combinations against S. a and A. b. (A) MIC values
of the antimicrobial oligopamidine and conventional antibiotics against “ESKAPE” strains. (B) The MIC
values of OA1 and OA6 against E. coli after degradation by GSH or DTT. (C) Heat map of FICi
values for different OA-antibiotic combinations against S. a and A. b. The darker color represents a
better synergy effect. (D) Checkerboard assays of antibiotic in combination with OA1 against S.
aand A. b. (E) A screening of FDA-approved non-antibiotics and NCI library resulted in either 3 hits
or 12 hits in combination with OA1 against A. b. (F) Checkerboard assays of hit from both the FDA
and NCI library in combination with OA1 against A. b.
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Figure 3. Investigation of the cooperative membrane damage mechanism. (A) SEM images of OA1-
treated, Colistin-treated and combinations-treated E. coli, with untreated sample serving as controls.
(B) Checkerboard assay results of OA1-Colistin agaisnt A. bin the absence (left panel) and
presence (right panel) of 128 ug/mL LPS. (C) Quantitative analysis of LPS interference on MICs
of OA1 and the combination (OA1 in combination with 8 ug/mL Colistin). (D) Checkerboard assay
results of OA1-Colistin agaisnt S. a in the absence (left panel) and presence (right panel) of 128
ug/mL PG. (E) Quantitative analysis of PG interference on MICs of OA1 and the combinations
(OA1 in combination with 8 pg/mL Colistin). (F, G) Flow cytometry results of Pl assay, indicating the
membrane permeability of bacteria and RAW 264.7 cells after treatment with OA1, Colistin, or their
combination. (H) Quantification of the membrane permeability in bacteria and RAW 264.7 cells
treated with different agents by calculating the geometric mean of Pl fluorescence over respective
cell volume. Data shown in (H) are presented as the mean + s.d. of at least two independent
experiments.
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Figure 4. OA1 promotes the accumulation of antibiotics in bacteria and targets intracellular
biomacromolecules. (A) The intracellular accumulation of Val-RhB in the absence or presence
of OA1. (B) Quantification of the intracellular accumulation in E. coli treated with different agents by
calculating the geometric mean of Val-RhB fluorescence over respective cell volume. (C) Confocal
images of E. colitreated by Val-RhB in the absence or presence of OA1. (D) Effects of OA1,
Gentamicin (Gen) or their combinations on GFP expression in S. a. (E) Gel retardation assay results
of DNA (40 pg/mL) mixed with OA1 at different concentrations. (F) Confocal images of E. coli and
RAW 264.7 cells stained by OA1-FITC at 32 ug/mL (green) and Hoechst (blue). Statistical
significances were analyzed using student’s t-test and significant differences between groups are
marked with an asterisk. *, ** and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively. Data
shown in (B) and (D) are presented as the mean + s.d. of at least two independent experiments.
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Figure 5. OA1 selectively induces ROS production in bacteria and exhibits differential
biodegradability in vivo. (A) A scheme of selective induction of ROS production in bacteria by OA1.
(B) Killing kinetics of S. a in the presence of Vancomycin (Vanco), Gentamicin (Gen), and OA1-
Gentamycin combinations (OA1+Gen). (C) ROS generation by Rifampicin (Rif), Colistin
and OA1 (32 ug/mL) and Colistin combination in E. coli at different concentrations as probed by
DCFH-DA. (D) ROS generation by OA1-Colistin (32+32 pg/mL) combination in RAW 264.7 as
probed by DCFH-DA. (E) GSH content in E. coli, B. sand RAW 264.7 cells after treatment
with OA1 (32 pg/mL) as probed by BCC. (F) S. a MIC values of OA1 or its decomposition product
treated with E. coli or RAW 264.7 cells. (G) OA1 (128 pyg/mL) decomposed in mammalian cells but
not decomposed in bacteria cells. (H) Therapeutic indices of the antimicrobial oligoamidine in RAW
264.7 and NIH/3T3 cells. Statistical significances were analyzed using student’s t-test and significant
differences between groups are marked with an asterisk. *, ** and *** indicate P < 0.05, P < 0.01,
and P < 0.001, respectively. Data shown in (C—F) are presented as the mean + s.d. of at least two
independent experiments.
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Figure 6. OA1 rescues the activity of conventional antibiotics in bacteria-infected eukaryotic cell
and C. elegans models. (A) Resistance generation rate of OA1 and Ampcillin (Amp), Gentamicin
(Gen) and OA1-Gentamycin combination (OA1+Gen) against E. coli. (B) Checkerboard assays
of OA1 and Gentamicin on Gentamicin-resistant E. coli obtained from (A). (C) A scheme of bacteria-
infected eukaryotic cells (NIH/3T3) model. (D and E) Rescue of A. b-infected eukaryotic cells
(NIH/3T3) with OA1, Kanamycin (Kan) and their combinations. (F) Rescue of A. b-infected C.
elegans with OA1, Rifampicin (Rif) and their combinations. Statistical significances were analyzed
using student’s t-test and significant differences between groups are marked with an asterisk. *, **
and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively. Data shown in (A, E, and F) are
presented as the mean = s.d. of at least 2 independent experiments.





