
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 5
:3

2:
44

 A
M

. 
 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
Eradication of M
aClinical and Health Sciences, University of S

5000, Australia. E-mail: sally.plush@unisa.
bBasil Hetzel Institute for Translational Hea

5011, Australia
cInstitute for Molecular Bioscience, The

Queensland, 4072, Australia
dAdelaide Microscopy, The University of Ad

Australia

† Electronic supplementary information
physicochemical characterisation (Log P

antibacterial and toxicity screening perfo
for antibiolm evaluation (crystal violet a
of MRSA biolms; compound synthesis
spectra of all compounds; HRMS spectra
chromatograms of all coumarin comp
compound 4. See DOI: https://doi.org/10.1

Cite this: RSC Adv., 2025, 15, 25510

Received 19th June 2025
Accepted 10th July 2025

DOI: 10.1039/d5ra04358a

rsc.li/rsc-advances

25510 | RSC Adv., 2025, 15, 25510–2
RSA biofilms using amphiphilic
cationic coumarin derivatives†

Samuel O. Nitschke, a Muhammed Awad,ab Alysha G. Elliott,c Gabrielle Lowe,c

Chris Leigh,d Ken Neubauer,d Nicky Thomas,a Shane M. Hickey *a

and Sally E. Plush *a

Amphiphilic coumarin derivatives have demonstrated potent antibiofilm activity against established

methicillin-resistant Staphylococcus aureus (MRSA) biofilms. Scanning electron microscopy (SEM)

revealed morphological changes to bacterial cells and eradication of extracellular matrix from

established MRSA biofilms when treated with 7-benzyloxy coumarin derivatives.
An estimated 1.27 million deaths were directly caused by anti-
microbial resistant bacterial infections in 2019.1 One of the
most prolic drug-resistant bacterial pathogens is methicillin-
resistant Staphylococcus aureus (MRSA). MRSA is a leading
cause of nosocomial wound infections and is associated with
signicant morbidity and mortality.2 Treatment of MRSA
infections is complicated by their tendency to form biolms,
which are implicated in approximately 80% of all bacterial
infections in humans.3 Bacteria residing within biolms are less
susceptible to antibiotics, host immune defences, disinfectants,
and environmental stressors, compared to planktonic cells.4

This increased tolerance is partly attributed to the complex
extracellular matrix of biolms that acts as a physical barrier;
bacteria residing within a biolm environment are 100–1000×
more tolerant to antibiotics compared to planktonic cells.5

Cellular populations within biolms are also heterogeneous,
consisting of metabolically active and metabolically silent
(persister) cells, which are more tolerant of antibacterial treat-
ments.6 Moreover, cellular interactions within the biolm
environment allow the transfer of antimicrobial resistance
genes.7 Taken together, the effective treatment of MRSA is
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signicantly complicated by biolm formation that imposes
both physical and chemical barriers to overcome.8,9 Therefore,
antibacterial agents that can penetrate and eradicate bacterial
biolms are highly desirable therapeutics in modern
medicine.10–12

Cationic antimicrobial peptides (CAMPs) are one of the rst
lines of defence against invasive microbial infections in
humans.13 This family of molecules are typied by an amphi-
philic topology—well-dened cationic and hydrophobic
regions—which is thought to be critical to their antibacterial
activity.14 Due to their membrane-active mechanism of action,
CAMPs can kill bacteria regardless of their metabolic state15 and
have shown a decreased propensity to elicit the formation of
resistance.16 CAMPs have shown promise as antibiolm agents,
and have demonstrated the ability to eradicate established
bacterial biolms.17 Unfortunately the clinical deployment of
CAMPs has been hindered by several factors including the high
costs associated with manufacture, susceptibility to proteolysis,
and poor toxicity proles.18 To overcome these limitations,
synthetic CAMP mimetics have been explored as novel anti-
bacterial agents,19 as they offer the potential to decrease
manufacturing costs20 and are typically more stable in biolog-
ical environments.21 Small-molecule CAMPmimetics frequently
rely on a rigid scaffold to confer amphiphilic topology, with
organic frameworks such as norbornane,22–24 triazine,25

xanthone,26 and coumarin27,28 having been reported in the
literature.

In this work, a 4-methylumbelliferone scaffold was selected
to build a novel series of structurally amphiphilic compounds,
with distinct cationic and hydrophobic groups installed at the 3-
and 7-positions, respectively. The compounds featured either
a charged amine (1 and 2, Fig. 1) or a charged guanidine
derivative (3–5) headgroup to mimic lysine and arginine resi-
dues in CAMPs, respectively.

Guanidines have been proposed to improve membrane
interactions due to the ability to form bidentate hydrogen
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Coumarin amines (1 and 2) and coumarin guanidines (3, 4, and
5).
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bonds with anionic phospholipids located on the bacterial
membrane.29 The biguanide moiety was also included in this
study given the work of Rahn et al.,30 who reported biguanide-
functionalised vancomycin derivatives that exhibited broad-
spectrum antibacterial and antibiolm activity. Two hydro-
phobic groups (benzyl and n-octyl) were included in the design
of the coumarin amphiphiles targeted in this study. A benzyl
group was considered as an analogue of phenylalanine, which
typically imparts a lipophilic character to CAMPs.31 The inclu-
sion of an n-octyl hydrophobic tail is justied by the work of van
Groesen32 and Mingeot-Leclercq,33 who have accessed n-alky-
lated derivatives of well-known antibiotics such as vancomycin
and neomycin, respectively. In their work, the inclusion of n-
alkyl hydrophobic groups imparted an increase in the potency
of the antibiotics and broadened their activity spectrum to
effect both Gram-positive and Gram-negative bacteria.32,33 In
total, ve compounds were synthesised that contained either
a benzyl (1 and 3) or an n-octyl (2, 4, and 5) hydrophobic tail with
a primary amine (1 and 2) or guanidine-based (3, 4, and 5)
cationic headgroup (Fig. 1). The multistep synthesis of these
coumarin compounds is depicted in Scheme S1 (ESI†).

To rst assess the antibacterial activity of the coumarin
amphiphiles, all compounds were screened against a panel of
pathogenic Gram-positive and Gram-negative bacterial strains
(Table S3, ESI†). A micro-broth dilution assay was used to
determine the minimum inhibitory concentration (MIC) of the
compounds against planktonic bacteria with the highest
concentration tested being 32 mg mL−1. In all instances, activity
was most prominent against Gram-positive MRSA, with some
activity observed against Gram-negative strains. Octyl couma-
rins outperformed their benzyl counterparts for both the amine
and guanidine series. For the amine coumarins, benzyl 1
demonstrated an MIC of 32 mg mL−1 against MRSA, whilst an
MIC of 2 mg mL−1 was recorded for octyl 2. For the guanidine
coumarins, an MIC of 16 mg mL−1 was recorded for benzyl 3
compared to an MIC of 8 mg mL−1 for octyl 4. Modication of
the guanidine moiety resulted in improved potency against
MRSA with biguanide 5 exhibiting an MIC of 4 mg mL−1.

The improved activity of the octyl coumarins compared to
the benzyl derivatives can be attributed to the increase in
© 2025 The Author(s). Published by the Royal Society of Chemistry
relative lipophilicity of the molecules. Previous studies have
used in silico modelling to demonstrate the ability of similarly
designed peptidomimetic amphiphiles to aggregate and per-
turb the bacterial membrane.34 As such, the six coumarin
amphiphiles reported in this study were evaluated for their
propensity to aggregate in an aqueous environment using
dynamic light scattering (DLS, Table S1 and Fig. S3, ESI†). The
calculated Z-average diameters and PDIs indicated that these
molecules readily aggregate in an aqueous environment that is
likely fundamental to their antimicrobial activity, in accordance
with related literature examples.34,35 Moreover, previous reports
are suggestive that an optimal hydrophobic window exists for
amphiphilic compounds with respect to antimicrobial activity;
if the molecule is too hydrophilic then it typically offers no
activity, whilst if a molecule is too hydrophobic it imparts
toxicity against mammalian cell lines as well as the targeted
pathogen.36 The clog P values were calculated for all
compounds (Table S1, ESI†) aer validating the accuracy of the
predictive soware by experimentally determining the log P
values for 7-benzyloxy guanidine 3 at three different concen-
trations (Table S2, Fig. S1 and S2, ESI†). The clog P values for
all coumarin analogues were dictated by hydrophobic portion of
the molecule, with derivatives bearing a benzyl group at the 7-
position (1 and 3) approximately 1 log unit lower than the
derivatives furnished with an octyl chain in this position (2, 4,
and 5).

To assess the ability of our small series of cationic coumarin
amphiphiles to impact biolm communities, established MRSA
ATCC 43300 biolms were treated with each compound and
biolm reduction was measured using a crystal violet assay.37

Initial screening of antibiolm activity involved treating MRSA
biolms with coumarin amphiphiles at concentrations
approximately 10× their respective MICs against planktonic
MRSA, to account for the increased resistance of biolm
bacteria (Fig. 2A and Table S5, ESI†).38 Both benzyl coumarins (1
and 3) were found to decrease the mass of MRSA biolms by
over 70% (p # 0.0001). Signicant biolm mass reduction (p #

0.01) was also observed for guanidine 4 (>40%), whilst no
activity was observed for biguanide 5. Given the promising
antibiolm activity observed across the series of coumarin
compounds at these concentrations, the compounds were
subsequently tested at equivalent concentrations (Fig. 2B). In
this second round of screening, only antibiolm activity for the
two benzyl coumarins (amine 1 and guanidine 3) was observed.
To probe the dose-dependent antibiolm activity of the benzyl
coumarins, MRSA biolms were treated over a concentration
range of 32–256 mg mL−1 (Fig. 2C and D).

Both benzyl coumarins (1 and 3) caused a dose-dependent
reduction in biolm mass, reaching 60% and 70% biolm
eradication at 128–256 mg mL−1, respectively, with no signi-
cant difference between the two concentrations (p > 0.05). In
addition, the minimum biolm eradication concentration
(MBEC) of benzyl coumarin 1 was determined using recovery
methods (Table S9 and Fig. S4, ESI†). Following treatment of
MRSA biolms with 1 at 128 mg mL−1, signicant killing of
MRSA was observed (p # 0.0001). At 128 mg mL−1, 1 caused a 5-
log reduction in viable bacterial cells, and at 256 mg mL−1, 1 was
RSC Adv., 2025, 15, 25510–25513 | 25511
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Fig. 2 Mass reduction of methicillin-resistant S. aureus (MRSA) bio-
films when treated with coumarin amphiphiles 1 (pink squares), 2
(pink), 3 (blue squares), 4 (blue), and 5 (red) for 24 h. (A) MRSA biofilm
mass reduction at ∼10× MIC values. (B) MRSA biofilm mass reduction
at 128 mg mL−1 (C) MRSA biofilm mass reduction for compound 1 (32–
256 mg mL−1). (D) MRSA biofilm mass reduction for compound 3 (32–
256 mg mL−1). Data presented as mean ± SD of 6 technical replicates
and 3 biological replicates. * = p # 0.05, ** = p # 0.01, *** = p #

0.001, **** = p # 0.0001. Checkered patterning corresponds to
coumarins with a benzyl tail and solid patterning corresponds to
coumarins with an octyl tail.

Fig. 3 Scanning electron microscopy (SEM) micrographs of methi-
cillin-resistant S. aureus (MRSA) biofilms: untreated (left) and treated
with 128 mg mL−1 of benzyl coumarin 1 for 24 h (right). (A) Images
showing loss of extracellular matrix between untreated and treated
samples (50 000× magnification). (B) Images showing change in cell
size between untreated and treated samples (20 000× magnification).
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bactericidal, causing 99.9% eradication of bacteria with no
signicant difference between the two concentrations (p > 0.05).
Together, these results suggest the benzyl moiety at the 7-
position of the coumarin scaffold is a key driver of antibiolm
activity.

To further investigate the biolm disruption caused by the
benzyl coumarins, MRSA biolm morphology was investigated
using scanning electron microscopy (SEM). Treatment of MRSA
biolms with benzyl coumarin 1 caused changes in extracellular
matrix, colony, and cellular morphology (Fig. 3). The main
difference between untreated and treated biolms was the
dispersion of cellular clusters that were embedded in the
extracellular matrix, indicating that treatment caused matrix
dissolution (Fig. 3A). In addition, bacterial cells in the treated
samples showed a marked change in cellular shape, with most
cells displaying a shrunken and rough cellular surface indica-
tive of cell death39 instead of a smooth surface, as depicted in
the untreated biolm. Cell size was also affected, with cells in
the treated biolm having a smaller average size (698 nm,
Fig. 3B) compared to cells in the untreated biolm (828 nm).

Coumarin amphiphiles were also assessed for mammalian
cytotoxicity against HEK-293 cells and red blood cells (RBCs), as
measured using the respective CC50 and HC10 values (Table S4,
ESI†). Both amine coumarins (1 and 2) exhibited signicant
cytotoxicity against HEK-293 cells with CC50 values of 7.1 mg
mL−1 and 4.7 mg mL−1, respectively. Comparatively, guanidine
coumarins exhibited improved mammalian cytotoxicity
proles, with benzyl coumarin 3 exhibiting no signicant
activity at 32 mg mL−1. Haemolytic activity differed between
benzyl and octyl derivatives; all octyl coumarins exhibited
25512 | RSC Adv., 2025, 15, 25510–25513
signicant haemolytic activity, however, both benzyl coumarins
(1 and 3) exhibited a more favourable haemolytic prole (HC10 >
32 mg mL−1). These results suggest that the benzyl coumarins,
particularly guanidine coumarin 3, may elicit antibacterial
activity in a different manner to octyl derivatives.

In the current study, ve cationic coumarin amphiphiles
were designed, synthesised, and evaluated for their antibacte-
rial activity against planktonic bacteria and MRSA biolms.
Crystal violet assays revealed that benzyl coumarins were
capable of eradicating MRSA biolms at < 4× MIC values.
Benzyl coumarin 1 decreased biolm mass by solubilising the
extracellular matrix and caused deformation of MRSA biolms
at a structural and cellular level. SEM revealed morphological
changes in the biolm extracellular architecture following
treatment. The two benzyl derivatives that displayed antibiolm
activity (1 and 3) were non-haemolytic and benzyl coumarin 3
was also non-toxic against HEK-293 cells. Although the much
higher concentrations required for antibiolm activity would
likely limit their use in a clinical setting due to toxicity concerns,
this work represents an important contribution to the eld that
can be built upon in the pursuit of much needed new anti-
biolm and biolm-sensitising agents.
Data availability

The data supporting this article have been included as part of
the ESI.† The NMR spectral data for the synthesised compounds
are available on gshare at https://doi.org/10.6084/
m9.gshare.28340399.v3. FID les are numbered according to
the compound numbers in the manuscript and ESI,†
experiments are numbered according to the following: 1 (1H
NMR), 2 (13C NMR), 3 (HSQC), and 4 (HMBC).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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