
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
11

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

6-
02

-0
1 

 5
:2

7:
25

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Small molecular
aAntimicrobial Research Laboratory, New Ch

Advanced Scientic Research, Jakkur, Beng

jayanta@jncasr.ac.in
bSchool of Advanced Materials, Jawaharla

Research, Jakkur, Bengaluru 560064, Karna

† Electronic supplementary information
supplementary gures for characterizat
https://doi.org/10.1039/d3sc05124b

Cite this: Chem. Sci., 2024, 15, 259

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 28th September 2023
Accepted 12th November 2023

DOI: 10.1039/d3sc05124b

rsc.li/chemical-science

© 2024 The Author(s). Published by
adjuvants repurpose antibiotics
towards Gram-negative bacterial infections and
multispecies bacterial biofilms†

Rajib Dey,a Sudip Mukherjee,a Riya Mukherjeea and Jayanta Haldar *ab

Gram-negative bacterial infections pose a significant challenge due to two major resistance elements,

including the impermeability of the outer membrane and the overexpression of efflux pumps, which

contribute to antibiotic resistance. Additionally, the coexistence of multispecies superbugs in mixed

species biofilms further complicates treatment, as these infections are refractory to most antibiotics. To

address this issue, combining obsolete antibiotics with non-antibiotic adjuvants that target bacterial

membranes has shown promise in combating antibacterial resistance. However, the clinical translation of

this cocktail therapy has been hindered by the toxicity associated with these membrane active adjuvants,

mainly due to a limited understanding of their structure and mechanism of action. Towards this goal,

herein, we have designed a small molecular adjuvant by tuning different structural parameters, such as

the balance between hydrophilic and hydrophobic groups, spatial positioning of hydrophobicity and

hydrogen bonding interactions, causing moderate membrane perturbation in bacterial cells without any

toxicity to mammalian cells. Moderate membrane perturbation not only enhances the internalization of

antibiotics, but also increases the intracellular concentration of drugs by hampering the efflux machinery.

This revitalises the efficacy of various classes of antibiotics by 32–512 fold, without inducing toxicity. The

leading combination not only exhibits potent bactericidal activity against A. baumannii biofilms but also

effectively disrupts mature multispecies biofilms composed of A. baumannii and methicillin-resistant

Staphylococcus aureus (MRSA), which is typically resistant to most antibiotics. Importantly, the

combination therapy demonstrates good biocompatibility and excellent in vivo antibacterial efficacy

(>99% reduction) in a skin infection model of A. baumannii. Interestingly, A. baumannii shows reduced

susceptibility to develop resistance against the leading combination, underscoring its potential for

treating multi-drug resistant infections.
Introduction

The increasing incidence of infectious diseases and the asso-
ciated mortality caused by drug-resistant infections have
created a signicant concern in public healthcare.1,2 A recent
report indicates that approximately 5 million people succumb
to drug-resistant infections, with a majority of these infections
caused by Gram-negative superbugs, such as carbapenem-
resistant A. baumannii, P. aeruginosa, and Enterobacteriaceae
spp., which have been designated as critical priority pathogens
by the World Health Organization (WHO).3 The emergence of
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these life-threatening pathogens in both community-associated
and hospital-acquired infections has posed a serious challenge
to the healthcare system.4 The prevalence of multispecies
bacterial co-infections and secondary bacterial infections
among hospitalized COVID patients has further exacerbated the
situation.5,6 This menace is amplied by the slow pace of
development, approval, and translation of novel antibiotics,
rendering these infections resilient to almost all existing anti-
biotic classes and demanding innovative alternatives. Resis-
tance mechanisms in Gram-negative bacteria are broadly
classied into: (1) impermeability caused by the outer
membrane consisting of lipopolysaccharides (LPSs); (2) over-
expression of efflux pumps driven by membrane potential; (3)
production of antibiotic degrading enzymes such as b-lacta-
mases (including serine-b-lactamase and metallo-b-lactamase);
and (4) target mutations.7 Among these, impermeability of the
outer membrane and the transmembrane efflux pumps
contribute to multi-drug resistance in Gram-negative patho-
gens, rendering most conventional antibiotics ineffective.8

Recently, membrane-targeting antibiotic adjuvants have
Chem. Sci., 2024, 15, 259–270 | 259
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emerged as a promising strategy to tackle antimicrobial resis-
tance (AMR) by repurposing and revitalizing obsolete
antibiotics.9–12 Many of these adjuvants draw inspiration from
naturally occurring antimicrobial peptides (AMPs).13,14 These
cationic amphiphilic peptides, which directly target bacterial
membranes, not only exhibit direct microbicidal action but also
enhance the intracellular concentration of antibiotics, acting as
potentiators.15,16
Fig. 1 (A) Chemical structures of SMA and resistant antibiotics sensitize
phenyl-1-naphthylamine (NPN) fluorescent dye); and (C) cytoplasmicme
at different sub-MIC concentrations against NDM-1 producing bacteria A
was taken as a positive control. Arrow indicates the time of compound ad
with fusidic acid, chloramphenicol, and minocycline against various drug
synergistic efficacy of (i) SMA and fusidic acid against A. baumannii A168,
inhibition assay; (i) the number of parent cells used in the EtBr assay; (ii)
accumulation in A. baumannii A168 bacteria. Carbonyl cyanide 3-chlorop
intensity was measured using a flow cytometer; (G) minocycline uptak
NDM-1 producing K. pneumoniae R3934.

260 | Chem. Sci., 2024, 15, 259–270
However, the current use of cationic lipophilic compounds as
permeabilization enhancers to sensitize resistant antibiotics is
hindered by their toxicity towards mammalian cells.17,18 Therefore,
a detailed understanding of the optimal amphiphilicity in the
structure such as the balance between hydrophobicity and
hydrophilic moieties, spatial positioning of hydrophobic groups
and the inuence of hydrogen bonding on structural parameters,
is crucial.19–21 Furthermore, the overexpression of effluxmachinery
d by the adjuvant; (B) outer membrane permeabilization (by using N-
mbrane depolarization (by using a DiSC3(5) fluorescence probe) by SMA
. baumannii A168. Surfactant CTAB (cetyltrimethylammonium bromide)
dition; (D) 3D flow chart representing the potentiation efficacy of SMA
-resistant Gram-negative superbugs; (E) chequerboard assay revealing
(ii) SMA and minocycline against K. pneumoniae R3934; (F) efflux pump
SMA activated a dose-dependent increase in ethidium bromide (EtBr)
henylhydrazone (CCCP) was taken as a positive control. Fluorescence
e assay upon treatment with different concentrations of SMA against

© 2024 The Author(s). Published by the Royal Society of Chemistry
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is another major cause of acquired resistance to antibiotics.22,23

While several effective efflux pump disruptors have been reported,
their severe toxicity has limited their applicability as antibiotic
adjuvants.24,25 A detailed understanding of the structural parame-
ters and mechanistic insights of these membrane potential-
targeting compounds is scarce in the literature. In the last two
decades, different small molecular mimics of antimicrobial
peptides (SMAMPs) have been developed as antibiotic adjuvants to
repurpose and rejuvenate obsolete antibiotics. As examples,
SPR741 (developed by Spero Therapeutics) and Nylexa (developed
by NovaBiotics) are in the initial stage of clinical trials to be used as
potentiators with a wide range of antibiotics.26,27 Recently, another
three drugs approved for non-antimicrobial indications, namely 5-
uorouracil, uspirilene, and Bay 11-7082, resensitized a clinical
strain of A. baumannii to azithromycin.28

In this study, we investigated the synergistic activity of
a small molecular adjuvant to repurpose and revitalize different
resistant antibiotics including rifampicin, fusidic acid, mino-
cycline and chloramphenicol against Gram-negative pathogens
(Fig. 1A). The structural features of the compound were
designed to obtain a weak to moderate membrane-perturbing
and membrane-depolarizing adjuvant without inducing
toxicity towards mammalian cells. The adjuvant enhances the
intracellular concentration of antibiotics, and the synergistic
effect was validated through checkerboard assays against
various multi-drug resistant Gram-negative bacteria and their
clinical isolates. The bactericidal activities of the leading
combinations were investigated against NDM-1 producing
pathogens using time-kill kinetics. The biocompatibility of the
leading combinations and the small molecule alone were
assessed against mammalian cell lines and through in vivo
systemic toxicity, respectively. Furthermore, the efficiency of the
leading combination in disrupting preformed biolms was
studied. In addition to biolm-mediated infections, multispe-
cies bacterial infections pose an intense threat to healthcare
practices. Multispecies biolms are prevalent in nature and are
particularly prominent in dental abscesses, cystic brosis, and
diabetic wounds. Therefore, the antibacterial and anti-biolm
efficacy of the small molecular adjuvant-based combination
therapy was evaluated against a co-culture and biolm of MRSA
and NDM-1 producing A. baumannii, which represents a multi-
species bacterial infection. Importantly, the in vivo antibacterial
activity of the leading combination therapy was investigated
using a mouse model of skin infection caused by NDM-1
producing Gram-negative pathogens. Finally, the frequency of
resistance development for the combination was assessed.

Results and discussion
Design and synthesis of small molecular adjuvant (SMA)

The small molecular adjuvant, SMA, was carefully designed to
incorporate specic structural features that enhance its inter-
action with the lipid bilayer of Gram-negative bacteria. The
presence of the outer membrane in these bacteria creates an
additional barrier that restricts the permeability of antibiotics.
To overcome this challenge, hexyl pendant long chains with
spacer hydrophobicity were introduced in the molecular design.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The strategic distribution of hydrophobic moieties in both the
spacer and pendent regions was ne-tuned in our previous
study, as the spatial positioning of hydrophobicity plays
a crucial role in improving the selectivity of membrane-
targeting compounds.15,21 In addition, two ethanol moieties
were introduced to achieve optimal amphiphilicity and to
facilitate superior interaction with the outer membrane of
Gram-negative bacteria through hydrogen bonding. The
rational design of SMA considered these structural parameters
to ensure its effectiveness as a membrane-targeting adjuvant.
The synthesis of SMA was performed on a large scale (gram
scale) using a straightforward three-step synthetic route, as
outlined in Scheme S1.† Detailed synthetic procedures can be
found in the ESI (Fig. S1–S3),† providing comprehensive infor-
mation on the synthesis of SMA.

Overall, the design and synthesis of SMA involved careful
consideration of hydrophobicity, spatial positioning of hydro-
phobic groups, and the incorporation of ethanol moieties to
achieve optimal amphiphilicity and facilitate effective interac-
tion with the outer membrane of Gram-negative bacteria.
Membrane targeting mechanism of SMA against Gram-
negative bacteria

The initial exploration of SMA's limited antibacterial activity
against Gram-negative superbugs prompted us to investigate its
potential to enhance the efficiency of resistant antibiotics
against multi-drug resistant Gram-negative strains. To unravel
the mechanism of SMA's interaction with bacterial membranes,
we conducted membrane depolarization and bacterial outer
membrane permeabilization assays on Gram-negative bacteria.

The bacterial membrane potential is reliant on the proton-
motive force (PMF), which comprises two components: trans-
membrane electrical potential (DJ) and trans-membrane pH
gradient (DpH).29 We assessed bacterial membrane depolariza-
tion using the uorescent dye 3,3′ dipropylthiadicarbocyanine
iodide (DiSC3(5)). In energized cells, this dye accumulates at the
cytoplasmic membrane and undergoes self-quenching, result-
ing in low uorescence intensity. However, if the bacterial
membrane potential is disrupted, the dye is released into the
extracellular environment, leading to an increase in uores-
cence intensity. Additionally, we evaluated the outer membrane
permeabilization using N-phenyl-1-naphthylamine (NPN). Since
NPN cannot penetrate the lipopolysaccharide (LPS) layer, it
cannot enter the bacterial phospholipid layer under normal
conditions. However, in a perturbed membrane, NPN readily
translocates into the bacterial phospholipid layer, resulting in
an escalation of uorescence intensity. We employed the
DiSC3(5) assay and NPN assay to investigate the extent of
membrane-perturbing properties of the SMA compound against
A. baumannii A168 bacteria (Fig. 1B and C). As a positive control,
we used the surfactant CTAB, which exhibited strong outer
membrane permeabilization, evident from a sharp increase in
uorescence intensity. In contrast, treatment with SMA resulted
in a slight increase in uorescence intensity in the NPN assay,
indicating moderate outer membrane permeabilization against
A. baumannii A168. Similarly, SMA induced moderate
Chem. Sci., 2024, 15, 259–270 | 261
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cytoplasmic membrane depolarization compared to CTAB in
the DiSC3(5) assay. Overall, SMA, a small amphiphilic molecule,
demonstrated a modest membrane-perturbing nature, which
can aid in potentiation of antibiotics that are unable to cross the
outer membrane or are expelled by efflux pumps.

These ndings shed light on the membrane targeting
mechanism of SMA and its potential to facilitate the action of
antibiotics by perturbing the bacterial membrane, allowing the
entry of otherwise restricted antibiotics and overcoming efflux
pump-mediated resistance.
In vitro potentiation ability against drug-resistant Gram-
negative superbugs

To assess the in vitro synergistic activity of SMA with various
resistant antibiotics, we conducted chequerboard assays against
Table 1 Potentiation efficacy of SMA with obsolete antibiotics against G

Bacterial strain
SMA MIC
(mg mL−1)

Antibiotic MI
(mg mL−1)

Rifampicin
A. baumannii R674 128 64
A. baumannii A168 256 16
A. baumannii A157 16 1
E. coli R3336 256 512
K. pneumoniae R3934 128 512
K. pneumoniae ATCC BAA2146 64 16
K. pneumoniae EN5136 64 8
P. aeruginosa R590 128 128

Fusidic acid
A. baumannii R674 128 64
A. baumannii A168 256 64
A. baumannii A157 16 64
E. coli R3336 256 >512
K. pneumoniae R3934 128 512
K. pneumoniae ATCC BAA2146 64 >256
K. pneumoniae EN5136 64 >256
P. aeruginosa R590 128 64

Chloramphenicol
A. baumannii R674 128 >128
A. baumannii A168 256 64
A. baumannii A157 16 64
E. coli R3336 256 >128
K. pneumoniae R3934 128 >128
K. pneumoniae ATCC BAA2146 64 >256
K. pneumoniae EN5136 64 >256
P. aeruginosa R590 128 >128

Minocycline
A. baumannii R674 128 8
A. baumannii A168 256 ND
A. baumannii A157 16 ND
E. coli R3336 256 32
K. pneumoniae R3934 128 64
K. pneumoniae ATCC BAA2146 64 16
K. pneumoniae EN5136 64 16
P. aeruginosa R590 128 8

a FICI – Fractional inhibitory concentration index (determined at MICSMA

262 | Chem. Sci., 2024, 15, 259–270
a range ofmulti-drug resistant Gram-negative bacteria, including
New Delhi metallo-b-lactamase-1 (NDM-1) producing strains.
Initially, we determined the minimum inhibitory concentrations
(MICs) of SMA and the antibiotics against the tested pathogens.
SMA exhibited limited activity against most Gram-negative
pathogens, with MIC values ranging from 64–256 mg mL−1,
except for the A. baumannii A157 strain, where it displayed an
MIC of 16 mg mL−1. The relatively poor activity of SMA may be
attributed to its moderate membrane-perturbing nature.

Next, we evaluated the potentiation ability of SMA against
multi-drug resistant Gram-negative superbugs, (including
NDM-1 producing strains, through chequerboard assays with
four different classes of antibiotics: rifampicin, minocycline,
chloramphenicol, and fusidic acid (Fig. 1D and Table 1)).
Rifampicin and fusidic acid, both hydrophobic antibiotics
ram-negative bacteria

C

MIC of antibiotic (mg mL−1)
in the presence of SMA

FICIaMIC/4 MIC/8 MIC/16

0.25 0.25 1 0.08–0.25
0.031 0.031 0.062 0.05–0.25
0.031 0.062 0.5 0.16–0.31
0.125 0.25 1 0.05–0.25
0.25 0.25 1 0.06–0.25
0.125 0.5 NDb 0.16–0.26
0.125 0.5 2 0.27–0.31
0.125 0.125 0.125 0.06–0.25

ND ND ND ND
0.125 0.125 0.5 0.08–0.13
0.25 2 16 0.16–0.31
1 8 ND 0.14–0.25
4 16 ND 0.26–0.38
0.125 ND ND 0.25–0.31
0.125 2 32 0.14–0.25
0.5 4 ND 0.19–0.26

ND ND ND ND
1 8 16 0.25–0.31
16 32 ND 0.5–0.51
0.125 0.25 1 0.14–0.25
1 4 ND 0.16–0.31
0.125 64 ND 0.25–0.37
0.125 32 ND 0.38–0.51
1 4 ND 0.25–0.35

0.125 0.25 1 0.19–0.31
ND ND ND ND
ND ND ND ND
0.125 0.125 0.5 0.08–0.19
0.125 0.5 4 0.09–0.13
0.125 1 16 0.19–0.26
0.125 0.5 1 0.13–0.26
1 4 8 0.38–0.56

/16 to MICSMA/4).
b ND – not determined.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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commonly used for treating tuberculosis and Gram-positive
infections, respectively, are typically impermeable to the
Gram-negative bacterial outer membrane due to the presence of
LPSs.30 Conversely, bacteria have developed resistance against
other antibiotics such as minocycline and chloramphenicol
through the efflux pump mechanism (e.g., TetA and AcrAB-
TolC) present in the cytoplasmic membrane.31 SMA demon-
strated the ability to potentiate these four antibiotics against
various multidrug-resistant Gram-negative superbugs.

SMA signicantly reduced the MIC values of rifampicin by
32-2024-fold at its sub-MIC concentration against all tested
Gram-negative bacteria, indicating its potential for repurposing
this anti-tuberculosis antibiotic (Table 1, Fig. S4†). Notably,
SMA sensitized fusidic acid, commonly prescribed for treating
Gram-positive bacterial infections, against drug-resistant Gram-
negative bacteria, with a fractional inhibitory concentration
index (FICI) value of <0.4. In the case of NDM-1 producing
bacterium E. coli R3336, the combination therapy reduced the
MIC of fusidic acid by 512-fold. Against another NDM-1
producing pathogen A. baumannii A168, the combination of
SMA at an MIC/8 concentration lowered the MIC of fusidic acid
to 0.125 mg mL−1 (512-fold reduction) (Fig. 1D, E(i), and S5†).

Furthermore, SMA showed promising synergy with chlor-
amphenicol, reducing the MIC values of the antibiotic by 4-512-
fold against most tested pathogens (Table 1, Fig. 1D and S6†). In
the case of the NDM-1 producing bacteria K. pneumoniae R3934
strain, the combination of SMA at an MIC/8 concentration and
chloramphenicol resulted in a MIC reduction to 4 mg mL−1

(Fig. 1D). However, SMA only exhibited an additive effect with
chloramphenicol against the A. baumannii A157 strain, with
a FICI value >0.5. Additionally, SMA sensitized minocycline by
reducing the MIC values to #1 mg mL−1, with an FICI value of
<0.5, against the tested Gram-negative pathogens (Table 1 and
Fig. 1D). Specically, SMA at an MIC/8 concentration decreased
the MIC value of minocycline to 0.5 mg mL−1 (by 128-fold
reduction) and 1 mg mL−1 (16-fold reduction) against NDM-1
producing bacteria K. pneumoniae R3934 and K. pneumoniae
BAAATCC2146, respectively (Table 1, Fig. 1E(ii), S7†). In
summary, our ndings validate that SMA can potentiate
rifampicin and fusidic acid and restore the efficacy of minocy-
cline and chloramphenicol against critical drug-resistant Gram-
negative bacteria, leveraging its membrane-active nature. These
results reinforce our initial premise and underscore the
potential of SMA as an adjunct therapy to combat drug-resistant
Gram-negative superbugs.
Inhibition of efflux pumps

Bacterial efflux pumps play a signicant role in the rapid
emergence of drug resistance, with many of these pumps
located in the cytoplasmic membrane, such as the resistance-
nodulation-cell division (RND) superfamily and major facili-
tator superfamily (MFS), which are regulated by membrane
potential.22 Given that SMA exhibited a moderate membrane
depolarization effect, resulting in a change in membrane
potential, we investigated its direct impact on bacterial efflux
pumps.
© 2024 The Author(s). Published by the Royal Society of Chemistry
To assess the efflux inhibition properties of SMA, we per-
formed an ethidium bromide (EtBr) accumulation assay using
ow cytometry in A. baumannii A168 (NDM-1+). EtBr is
a substrate of the RND efflux machinery and is expelled from
healthy bacterial cells.32 Carbonyl cyanide 3-chlorophenylhy-
drazone (CCCP) was taken as a positive control, which abolishes
the entire proton-motive force resulting in the disruption of
efflux machinery, while cells stained with EtBr only served as
the negative control. CCCP at 10 mg mL−1 directly inhibited the
efflux pump and increased the intracellular concentration of
EtBr. Similarly, our potentiator SMA, at different concentrations
(16 mg mL−1 and 32 mg mL−1), signicantly increased the
number of EtBr-stained cells, conrming the efflux pump
inhibition by SMA (Fig. 1F(i) and (ii)). Consequently, the inter-
ference of the efflux machinery by SMA will lead to increased
intracellular antibiotic concentrations and alleviation of drug
resistance.

Therefore, the inhibitory effect of SMA on efflux pumps
offers a promising mechanism to counteract drug resistance, as
it enhances the intracellular concentration of antibiotics and
combats the efflux-mediated resistance mechanism.

Accumulation of antibiotics inside bacteria

To further investigate the impact of SMA on antibiotic accu-
mulation inside the bacterial cells, we examined the uptake of
minocycline, a model antibiotic known to be resistant due to
the activity of transmembrane efflux pumps. Minocycline
exhibits uorescence upon binding to the 30S subunit of
bacterial ribosomes but is expelled by bacterial efflux pumps.33

In the presence of the potentiator SMA, we performed a mino-
cycline uptake assay in NDM-1-producing bacteria, specically
K. pneumoniae R3934. Remarkably, the addition of SMA resulted
in an increase in uorescence intensity, conrming the
enhanced accumulation of minocycline inside the bacterial
cells (Fig. 1G). This observation underscores the ability of SMA
to elevate the intracellular concentration of antibiotics, rein-
forcing the potency of combination therapy involving SMA. The
enhanced intracellular antibiotic concentration achieved
through the use of SMA holds great promise for overcoming
efflux-mediated resistance mechanisms and improving the
efficacy of antibiotic treatments. This strategy represents
a signicant advancement in mitigating the challenges posed
by antimicrobial resistance.

Bactericidal kinetics and visual turbidity assay

To demonstrate the bactericidal efficacy of the combination
therapies, we conducted time-kill kinetics experiments using
SMA in combination with three obsolete antibiotics (fusidic
acid, chloramphenicol, or minocycline) against New Delhi
metallo-b-lactamase-1 (NDM-1) producing Gram-negative
pathogens. In addition to spread plating the treated bacterial
cell suspensions onto solid agar media, we employed a visual
turbidity test to further validate the effectiveness of the
combination therapy (Fig. 2A and B).

The combination of SMA (16 mg mL−1) and fusidic acid (4 mg
mL−1) completely eliminated NDM-1 producing A. baumannii A-
Chem. Sci., 2024, 15, 259–270 | 263
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Fig. 2 Bactericidal activity of combination therapies, (A) time-kill kinetics of the combinations consisting of (i) SMA and fusidic acid against A.
baumannii A168, (ii) SMA and minocycline against K. pneumoniae R3934, and (iii) SMA and chloramphenicol against K. pneumoniae R3934, the
asterisk indicates complete killing and the detection limit of experiment was <50 CFU mL; (B) visual turbidity of the combination of SMA and
fusidic acid against A. baumannii A168; biofilm disruption ability against the preformed biofilm of A. baumannii A168; (C) percentage of biomass
after treatment through crystal violet staining; (D) viability of the biofilm-embedded bacteria and dispersed cells after treatment; (E) 3D
reconstruction of z-stack images of the biofilm after treatment, by imaging by confocal laser scanning microscopy through co-staining with
SYTO-9 (green fluorescence; stained both live and dead cells) and PI (red fluorescence; stained dead cells); merged images represented with
thickness. Scale bar: 10 mm.
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168 within 12 h, resulting in a 5.3 log reduction in bacterial
count. Notably, the growth media containing the SMA and
fusidic acid cocktail showed no visual turbidity, and there were
no bacterial colonies on the solid agar. In contrast, bacterial
suspensions treated with SMA (16 mg mL−1) or fusidic acid (8 mg
264 | Chem. Sci., 2024, 15, 259–270
mL−1) alone displayed turbidity in the solution and abundant
bacterial growth on the agar plate (Fig. 2A(i) and 2B).

Similarly, the combination of SMA (8 mg mL−1) and mino-
cycline (4 mg mL−1) completely eradicated NDM-1 producing K.
pneumoniae R3934 within 12 h, resulting in a 5.2 log reduction
© 2024 The Author(s). Published by the Royal Society of Chemistry
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in bacterial burden. In contrast, when SMA (8 mg mL−1) or
minocycline (4 mg mL−1) was used as individual treatments, the
bacterial count increased by ∼8 log, similar to the untreated
control. The visual turbidity experiment and spread plating of
the treated bacterial suspension also conrmed the potent
efficacy of the SMA-minocycline combination against NDM-1
producing K. pneumoniae strains (Fig. 2A(ii) and S8A†).

Furthermore, the combinations of SMA (32 mg mL−1) with
chloramphenicol (4 mg mL−1) and SMA (16 mg mL−1) with
chloramphenicol (16 mg mL−1) completely eliminated the
tested NDM-1 producing bacteria K. pneumoniae R3934 within
6 h and 12 h, respectively, resulting in a 5.4 log reduction in
bacterial burden. In contrast, treatment with chloramphenicol
alone at a concentration of 16 mg mL−1 increased bacterial
viability to 9 log, similar to the untreated control, within 12 h
(Fig. 2A(iii) and S8B†).

In summary, the SMA molecule effectively repurposed
various classes of antibiotics against critical NDM-1 producing
Gram-negative pathogens, leading to complete eradication of
bacterial burden in the solution phase. Based on the promising
results, we selected the combination therapy of SMA and fusidic
acid for further studies, as it demonstrated the potential to
repurpose fusidic acid, which is typically prescribed for treating
Gram-positive bacterial infections, against multi-drug resistant
(MDR) Gram-negative superbugs.
Biolm disruption ability against NDM-1 producing bacteria

Biolm-mediated infections pose a serious threat to global
health as they are resistant to conventional antibiotics. Biolms
are composed of millions of bacterial cells surrounded by a self-
generated extracellular polymeric matrix (EPM).7 Unfortunately,
the rigid EPS matrix renders most conventional antibiotics
ineffective against biolms. This situation is further exacer-
bated when dealing with biolms formed by multidrug-
resistant Gram-negative pathogens. Therefore, there is a crit-
ical need to develop potent anti-biolm agents.

To address this challenge, we investigated the biolm
disruption efficacy of the leading combination therapy of SMA
and fusidic acid against NDM-1 producing A. baumannii A168
biolms. Crystal violet staining conrmed that the combination
therapy of SMA (16 mg mL−1) and fusidic acid (4 mg mL−1)
effectively disrupted the preformed biolm of NDM-1
producing A. baumannii. In contrast, treatment with fusidic
acid alone did not help penetrate the preformed biolm
(Fig. 2C). Additionally, we quantied the viability of bacteria
embedded within the biolm. Interestingly, SMA and fusidic
acid alone did not signicantly reduce the cell count in the
preformed biolm. However, the combination of SMA (16 mg
mL−1) and fusidic acid (4 mg mL−1), as well as SMA (16 mg mL−1)
and fusidic acid (8 mg mL−1), resulted in 2.5 log (>99% killing)
and 3 log (∼99.9% killing) reduction in viable bacterial count
within the NDM-1 producing A. baumannii biolm-embedded
bacteria, respectively (Fig. 2D). Moreover, this combination
therapy exhibited potent bactericidal efficacy against biolm-
dispersed cells, including metabolically dormant cells. The
combination of SMA (16 mg mL−1) and fusidic acid (4 mg mL−1)
© 2024 The Author(s). Published by the Royal Society of Chemistry
reduced the bacterial burden by 5.6 log in the dispersed cells of
the A. baumannii A-168 biolm (Fig. 2D).

Furthermore, we visualized the biolm disruption ability and
eradication of biolm-embedded bacteria using confocal laser
scanning microscopy (CLSM) with instantaneous staining using
SYTO-9 (green uorescence) and propidium iodide (PI: red
uorescence) dyes. SYTO-9 stains both live and dead bacterial
cells, while PI specically stains only dead cells. In the control
biolm, all cells were stained green, conrming the presence of
live cells, and the biolm thickness measured 8.5 mm. In the case
of individual treatment with SMA or fusidic acid, all cells were
green uorescence-stained, indicating the presence of live cells,
and the biolm thickness measured 7.2 mm and 8.1 mm,
respectively. However, treatment with the combination therapy
of SMA and fusidic acid remarkably reduced the thickness of the
preformed biolm to 1.2 mm (Fig. 2E). In contrast, the
combination-treated biolm-embedded bacteria exhibited
staining with both green and red uorescence, conrming the
killing of viable bacteria within the biolm. Overall, SMA not only
facilitated the disruption of the preformed biolm but also
repurposed fusidic acid to eliminate biolm-embedded NDM-1
producing A. baumannii bacteria.
Antibacterial efficacy of combination therapy against
multispecies bacterial co-culture

Multispecies bacterial co-infections are commonly observed
under conditions such as lung infections, cystic brosis, and
diabetic wound infections.34 When treating these critical
multispecies bacterial co-infections, doctors oen prescribe
combination therapies using different types of antibiotics.
However, conventional antibiotics are increasingly becoming
ineffective in tackling these co-infections, leading to the emer-
gence of drug resistance.35 Therefore, novel strategies are
needed to address this challenge. In this study, we evaluated the
efficacy of the leading combination therapy against a multispe-
cies bacterial co-culture comprising Gram-positive and Gram-
negative bacteria. SMA demonstrated potent anti-staphylo-
coccal activity against vancomycin-susceptible and vancomycin-
resistant strains (Table S1†). Furthermore, SMA repurposed
fusidic acid to target MDR Gram-negative bacteria. Conse-
quently, we investigated the effectiveness of the combination of
SMA and fusidic acid against a multispecies co-culture of MRSA
ATCC33591 and NDM-1 producing A. baumannii A168 bacteria.
The anti-MRSA agent SMA (16 mg mL−1), both alone and in
combination with fusidic acid (8 mg mL−1), completely elimi-
nated the MRSA bacterial burden in the co-culture, resulting in
a 5.2 log reduction within 12h. Fusidic acid exhibited a static
effect against the MRSA bacterial burden in the co-culture with
A. baumannii. The well-known antibiotic vancomycin (16 mg
mL−1) reduced the viability of MRSA bacteria by 0.7 log within
12 h. Surprisingly, both SMA and fusidic acid alone increased
the viability of A. baumannii A168 to 8.2 log within 12 h in the co-
culture with MRSA. Similarly, the viability of A. baumannii in the
co-culture treated with colistin (8 mg mL−1) also increased to 8
log within 12 h. Remarkably, the combination of SMA and
fusidic acid achieved a ∼2.2 log reduction (>99% killing) in the
Chem. Sci., 2024, 15, 259–270 | 265
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A. baumannii bacterial burden within the co-culture with MRSA
(Fig. 3A(i)). The visual turbidity test also conrmed the potent
efficacy of the leading combination (Fig. 3A(ii)). In conclusion,
Fig. 3 (A) Bactericidal efficacy of the combination of SMA + fusidic acid
baumannii A168; (i) viable bacterial count in multispecies bacterial co-c
asterisks indicate complete killing; (B) anti-biofilm efficacy of the combin
of both MRSA ATCC33591 and A. baumannii A168, (i) percentage of biom
no. of viable bacteria in biofilm dispersed cells; (C) anti-biofilm efficacy of
consisting of both MRSA ATCC33591 and P. aeruginosa R590, (i) perce
bacteria, and (iii) no. of viable bacteria in biofilm dispersed cells, asterisks i
CFU mL−1.

266 | Chem. Sci., 2024, 15, 259–270
the combination therapy of SMA and fusidic acid demonstrated
effectiveness in eliminating the multispecies bacterial co-
culture.
against multispecies bacterial co-culture of MRSA ATCC33591 and A.
ulture, and (ii) visual turbidity test of multispecies bacterial co-culture,
ation of SMA + fusidic acid against the polymicrobial biofilm consisting
ass after treatment, (ii) no. of viable biofilm-embedded bacteria, and (iii)
the combination of SMA + fusidic acid against the polymicrobial biofilm
ntage of biomass after treatment, (ii) no. of viable biofilm-embedded
ndicate complete killing. The detection limit of the experiment was <50

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Anti-biolm efficacy of combination therapy against the
multispecies bacterial biolm

The signicant reduction observed in the multispecies bacterial
co-culture experiment prompted us to evaluate the efficacy of
the lead cocktail (fusidic acid + SMA) against more complex
multispecies bacterial biolms. A preformed biolm of MRSA
ATCC33591 and NDM-1 producing A. baumannii A-168 was
grown on coverslips and subsequently treated with the combi-
nation therapy. Crystal violet staining conrmed that SMA and
fusidic acid individually reduced the biolm biomass by 70%
and 17% respectively. The control antibiotics, vancomycin and
colistin, reduced the biolm biomass by 7% and 22%, respec-
tively. In contrast, the combination of SMA (16 mg mL−1) and
fusidic acid (8 mg mL−1) achieved a remarkable 75% reduction
in the biomass of the multispecies biolm (Fig. 3B(i)). More-
over, the combination treatment of SMA (16 mg mL−1) and
fusidic acid (8 mg mL−1) eliminated 3.2 log MRSA bacterial
burden within the multispecies biolm. Individually, the anti-
MRSA agents SMA and fusidic acid achieved reductions of 1.4
log and 1.7 log, respectively, in the MRSA bacterial burden
within the biolm. The blockbuster antibiotic, vancomycin (32
mg mL−1), only achieved a 1 log reduction in the MRSA bacterial
burden within the preformed biolm. Additionally, the combi-
nation therapy effectively reduced the A. baumannii bacterial
burden by 3.2 log within the multispecies biolm. In contrast,
SMA and fusidic acid individually were ineffective against A.
baumannii bacteria embedded in the multispecies biolms.
Similarly, colistin (32 mg mL−1) failed to eliminate the biolm-
embedded A. baumannii bacteria (Fig. 3B(ii)). Furthermore,
this combination therapy demonstrated potent bactericidal
efficacy against the dispersed cells within the multispecies
biolm, targeting various phases of bacterial cells. The combi-
nation of SMA (16 mg mL−1) and fusidic acid (8 mg mL−1) ach-
ieved complete elimination of the bacterial burden (8.5 log
reduction) of MRSA and reduced the A. baumannii A168 bacte-
rial burden by 4.6 log in the dispersed cells of the mixed-species
biolm (Fig. 3B(iii)). Similarly, the combination of SMA and
fusidic acid effectively disrupted the preformed multispecies
biolm of MRSA and P. aeruginosa R590, resulting in a 70%
reduction in biomass (Fig. 3C(i)). Furthermore, it successfully
killed both MRSA and P. aeruginosa bacteria within the biolm,
achieving a 5.1 log reduction for MRSA and a 3.8 log reduction
for P. aeruginosa (Fig. 3C(ii)). Additionally, the combination
therapy demonstrated efficacy against the dispersed cells,
resulting in a 7.7 log reduction for MRSA and a 5.9 log reduction
for P. aeruginosa (Fig. 3C(iii)). In contrast, vancomycin (32 mg
mL−1) and colistin (32 mg mL−1) treatments were ineffective
against this multispecies bacterial biolm comprising MRSA
and P. aeruginosa. In conclusion the cocktail therapy of SMA
and fusidic acid has the potential to effectively combat biolm-
mediated multispecies bacterial infections.
In vitro cytotoxicity of lead combinations

Furthermore, we investigated the cytotoxicity of the leading
combinations against the human embryonic kidney cell line
(HEK- 293T) using the LIVE/DEAD assay, which involved
© 2024 The Author(s). Published by the Royal Society of Chemistry
staining with calcein-AM (green uorescence) and PI (red uo-
rescence). The combination of SMA (16 mg mL−1) and fusidic
acid (32 mg mL−1) treated cells exhibited green staining only,
indicating that the cells were alive, similar to the control group.
In contrast, cells treated with Triton-X were solely stained with
PI, conrming cell death. Therefore, the lead combination
therapy demonstrated remarkable biocompatibility with
mammalian cells (Fig. 4A). It is worth noting that the cytotox-
icity of SMA alone has been previously reported.21

In vivo systemic toxicity of SMA

To assess the therapeutic applicability, we investigated the in
vivo systemic toxicity of SMA by administering different dosages
via intra-peritoneal and subcutaneous injections, following the
guidelines provided by OECD 425. In the case of intra-peritoneal
administration, SMA exhibited a considerable LD50 (lethal dose
for 50%mortality) of 130mg kg−1. However, when administered
subcutaneously at a dosage of 175 mg kg−1, all mice survived
without any adverse effects. Therefore, the LD50 of SMA for
subcutaneous administration was determined to be >175 mg
kg−1. These results indicate that SMA exhibits biocompatibility
for both systemic and topical applications in combination
therapy (Fig. 4B).

Resistance frequency

The emergence of drug resistance poses a signicant obstacle to
the development and approval of new antimicrobials. In order to
address this concern, we determined the frequency of resistance
development against the lead combination therapy of SMA and
fusidic acid, using NDM-1 producing A. baumannii A168 bacteria.
100 mL of bacterial suspension of various concentrations (ranging
from 109 CFU to 105 CFU) were spread-plated on nutrient agar
plates containing either the combination of SMA and fusidic acid,
fusidic acid alone, or colistin and then incubated for 24 h. At
a bacterial concentration of 3 × 106 CFU on the plate containing
512 mg mL−1 (8 × MIC) of fusidic acid alone, we observed the
presence of 40 resistant mutants, resulting in a frequency of
resistance of A. baumannii against fusidic acid alone at 1.3 ×

10−5. On the other hand, when the combination therapy of SMA
(16 mg mL−1) and fusidic acid (4 mg mL−1) was tested against
bacterial suspensions of 3 × 108 CFU, we observed 51 resistant
mutants, yielding a frequency of resistance against the combi-
nation therapy at 1.7 × 10−7. Similarly, the presence of 55 resis-
tant A. baumannii mutants indicated a resistance frequency
against colistin at 8 mg mL−1 (8 × MIC) of 1.8 × 10−8 (Fig. 4C).
These results collectively indicate that NDM-1 producing A. bau-
mannii bacteria are less prone to developing spontaneous resis-
tance against the combination of SMA and fusidic acid compared
to fusidic acid alone, even at very high concentrations. This may
be attributed to the enhanced intracellular concentration of the
antibiotics in the presence of SMA, which potentially contributes
to the reduced resistance development.

In vivo antibacterial efficacy of combination therapy

The in vivo antibacterial activity of the lead combination therapy
comprising SMA and fusidic acid was evaluated using a murine
Chem. Sci., 2024, 15, 259–270 | 267
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Fig. 4 (A) Biocompatibility of the leading combinations against the mouse HEK-293T cell line by performing the LIVE/DEAD assay through
staining with calcein-AM (green fluorescence; stained live cells) and PI (red fluorescence; stained dead cells); merged channel images are
represented; scale bar: 50 mm; (B) in vivo systemic toxicity of SMA through different routes of administration in the mouse model. (C) Frequency
of resistance growth by NDM-1 producing bacteria A. baumannii A168 against the leading combinations; (D) in vivo antibacterial efficacy of the
combination consisting of SMA and fusidic acid; (i) the experimental design of the mouse skin infection model with A. baumannii A168 bacteria,
(ii) number of viable bacteria in the skin tissue sample upon treatment, and (iii) mice infected skin tissue histology. Scale bar: 200 mm. In untreated
and SMA and fusidic acid treatment cases, severe to moderate inflammatory cell infiltration is shown (asterisks), whereas the combination
treatment tissue sample and colistin tissue sample revealed minimum inflammatory cell infiltration (asterisks). Arrows indicate the keratin layer;
sebaceous glands (SG); hair follicles (HF); adipose tissue (AT).
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skin infection model. Briey, the skin of the mice was infected
with ∼106 CFU mL−1 (per mouse) of NDM-1 producing A. bau-
mannii A168. Aer 4 h of infection, the infected skin was treated
with different antimicrobial agents for up to 4 days, with
a single dosage administered each day. On day ve, all animals
268 | Chem. Sci., 2024, 15, 259–270
were sacriced and skin tissues were collected and homoge-
nised in saline to determine the bacterial viability in the
infected tissues (Fig. 4D(i)). In the untreated group (washed
with saline daily), the bacterial burden was increased to ∼8.7 ×

108 CFU g−1. Treatment with only SMA (40 mg kg−1) resulted in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a modest reduction of 0.2 log compared to the untreated case.
However, the individual treatment of fusidic acid failed to
decrease the bacterial burden in the infected skin, with a count
of viable bacteria at ∼8.8 × 108 CFU g−1, similar to the
untreated case. Interestingly, the combination therapy of SMA
and fusidic acid exhibited potent in vivo antibacterial efficacy.
In mice treated with the combination of SMA (40 mg kg−1) and
fusidic acid (40 mg kg−1), the bacterial viability of NDM-1
producing bacteria A. baumannii was reduced by ∼2.5 log
compared to the untreated case. Colistin also demonstrated
superior activity, reducing the bacterial viability by ∼2.1 log in
this murine skin infection model (Fig. 4D(ii)). Furthermore,
histopathological studies were conducted on the tissue samples
from all groups. In the untreated group and inmice treated with
SMA or fusidic acid individually, the corresponding tissue
samples exhibited severe to moderate inltration of inam-
matory cells and damaged cells. In contrast, the combination-
treated tissues showed a normal appearance of the keratin
layer, adipose tissue, and sebaceous glands, with minimal
inltration of inammatory cells (Fig. 4D(iii)). Collectively,
these results indicate that the combination therapy of SMA and
fusidic acid demonstrates potent efficacy in combating NDM-1
producing bacterial-induced topical infections, surpassing the
effects of individual treatments. These ndings hold great
promise for the development of an innovative antibacterial
strategy to address infections caused by multi-drug resistant
Gram-negative pathogens.

Conclusions

Combining antibiotics with membrane-targeting molecules
represents a frontline approach in the battle against antimi-
crobial resistance (AMR), as targeting the bacterial membrane
offers a smart alternative. In this study, we have demonstrated
the remarkable potentiation efficacy of a small amphiphilic
molecule called SMA against various classes of obsolete anti-
biotics, including rifampicin, minocycline, fusidic acid, and
chloramphenicol, against a range of multi-drug resistant Gram-
negative bacteria. The combination of SMA and antibiotics
exhibited potent bactericidal activity against NDM-1 producing
planktonic Gram-negative bacterial cells. Moreover, it effec-
tively eradicated bacteria embedded within the preformed bio-
lms of NDM-1 producing A. baumannii. SMA was found to
inhibit bacterial efflux pumps, leading to increased accumula-
tion of antibiotics inside bacterial cells. Given the escalating
bacterial resistance, treating multispecies bacterial infections
has become a critical challenge in the healthcare system.
However, the combination of SMA (an anti-MRSA agent) and
fusidic acid demonstrated potent bactericidal activity against
both MRSA and NDM-1 producing A. baumannii in multispecies
bacterial co-cultures and their preformed biolms. Importantly,
the lead combination exhibited biocompatibility with
mammalian RAW cell lines. In vivo studies using a mouse
model demonstrated the high LD50 value of SMA, indicating its
safety for systemic use. Furthermore, the combination therapy
exhibited excellent antibacterial efficacy in a mouse skin
infection model. Notably, A. baumannii exhibited slow
© 2024 The Author(s). Published by the Royal Society of Chemistry
development of resistance against the combination therapy.
Overall, this combination therapy holds enormous potential as
a novel strategy to combat antimicrobial resistance in Gram-
negative superbugs.
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