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Epicatechin gallate disrupts methicillin resistant
Staphylococcus aureus cell envelope integrity
and enhances antibiotic activity
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Abstract

The increasing prevalence of methicillin-resistant Staphylococcus aureus (MRSA)
highlights the need for alternative therapeutic strategies. Natural product-derived
resistance-modifying compounds are gaining attention as antibiotic adjuvants to
restore drug activity. Epicatechin gallate (EPCG) has antibacterial and anti-virulence
properties. This study investigates the antibacterial activity of EPCG and its potential
to enhance the efficacy of selected antibiotics against S. aureus and MRSA. Standard
broth microdilution assays were used to determine the minimum inhibitory
concentration (MIC) of EPCG against S. aureus and MRSA. Synergistic interactions
with selected antibiotics were evaluated using checkerboard and isobologram
assays. Furthermore, cytotoxicity was evaluated using Artemia franciscana nauplii
(brine shrimp) lethality and human dermal fibroblast (HDF) assays. The impact
of EPCG, cefotaxime, and their combinations on cells and biofilms was visualised
through confocal and cryo-electron microscopy. EPCG demonstrated strong
antibacterial activity (MIC = 208 pg/mL against S. aureus and 188 pg/mL against
MRSA). Isobologram assays also revealed strong synergy for the EPCG-cefotaxime
combination (X fractional inhibitory concentration = 0.15 for MRSA; 0.25 for S. aureus).
EPCG exhibited moderate toxicity toward HDF cells (LC,, = 100 pg/mL), whereas
the optimised cefotaxime: EPCG (90:10 [v/v]) combination was non-toxic across all
assays. Additionally, confocal microscopy revealed reduced bacterial aggregation
and diminished biofilm-associated fluorescence following EPCG treatment. Cryo-
electron microscopy revealed pronounced ultrastructural disruptions in MRSA
cells treated with the combination. In conclusion, EPCG enhances the antibacterial
activity of antibiotics such as cefotaxime against S. aureus and MRSA. Its synergistic
action, lower cytotoxicity at optimal ratios, and confirmed damage to bacterial cells
highlight EPCG’s potential as a natural antibiotic adjuvant.

Keywords: Methicillin-resistant Staphylococcus aureus; Epicatechin gallate; Minimum
inhibitory concentration; Synergy; Confocal microscopy; Cryo-electron microscopy
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1. Introduction

Antimicrobial resistance is one of the leading global
health threats, with bacterial species such as methicillin-
resistant ~ Staphylococcus  aureus (MRSA) causing
substantial morbidity and mortality in both healthcare and
community settings.”> MRSA is a leading cause of severe
bloodstream, respiratory, and device-associated infections
worldwide.? Clinical outcomes remain suboptimal despite
the availability of last-line agents. Therapeutic management
is increasingly complicated by reduced susceptibility
to glycopeptide antibiotics, heteroresistance, biofilm-
associated tolerance, and the relatively slow bactericidal
activity of vancomycin.>*® Notably, treatment failure
and infection relapse are frequently reported, even when
isolates are categorised as susceptible in vitro, highlighting
the limitations of laboratory susceptibility testing in
predicting clinical outcomes.

To improve therapeutic outcomes, combination
antibiotic regimens have been reported as being capable
of enhancing bactericidal activity, accelerating the
clearance of bacteraemia, and reducing the development
of resistance.”*> However, clinical evidence supporting the
use of routine combination therapy remains inconclusive,
and concerns about toxicity have limited its widespread
use. For instance, a randomized clinical trial by Tong et
al.® showed limited benefits from combining vancomycin
or daptomycin with an anti-staphylococcal B-lactam for
the treatment of MRSA infections. Whilst combination
therapy decreased microbiological relapse, it also resulted
in acute kidney injury in more than 37% of cases.”® These
findings highlight a fundamental therapeutic dilemma:
intensifying antibiotic regimens may improve certain
microbiological endpoints, yet such strategies often
increase adverse events without conferring a clear survival
advantage. These limitations underscore the need for
alternative strategies that enhance antimicrobial efficacy
without substantially increasing toxicity. Recently, an
emerging therapeutic paradigm has focused on restoring
or potentiating the activity of existing antibiotics through
resistance-modifying compounds.

Natural products represent a potential source of
resistance-modifying  compounds. Among these,
catechins and their galloylated derivatives have attracted
considerable attention for their ability to disrupt bacterial
cell envelope integrity.*® Epicatechin gallate (EPCG), a
galloylated catechin, exhibits intrinsic antibacterial activity
and also enhances the efficacy of selected (-lactams
against MRSA."**>7  Proposed mechanisms include
disruption of cytoplasmic membrane integrity, alteration
of peptidoglycan structure, interference with penicillin-
binding proteins (PBPs), and facilitation of antibiotic

penetration. Nevertheless, most previous investigations
have relied primarily on fractional inhibitory concentration
(FIC) indices to define synergy, with limited use of
quantitative interaction modelling or direct ultrastructural
validation. Furthermore, the capacity of EPCG to restore
the activity of cephalosporins, such as cefotaxime, against
MRSA remains insufficiently characterised.

To systematically investigate the resistance-modifying
potential of EPCG, antibiotics representing distinct
mechanisms of action were selected to capture a broad
spectrumofantibacterialtargets. Tetracycline, ciprofloxacin,
and cefotaxime were chosen as representatives of protein
synthesis inhibitors, DNA replication inhibitors, and
B-lactam antibiotics, respectively. This selection allowed
assessment of whether EPCG-mediated potentiation is
dependent on antibiotic class or reflects a more generalised
effect on bacterial susceptibility. In particular, the inclusion
of cefotaxime provided a stringent, clinically relevant
model, as MRSA exhibits intrinsic resistance to third-
generation cephalosporins due to the presence of PBP2a.*®

While conventional checkerboard assays are widely used
to evaluate antimicrobial interactions, their interpretation
is often limited to empirical indices that may not fully
capture the complexity of drug interactions. Quantitative
approaches such as isobologram modelling offer a more
rigorous framework for distinguishing between additive
and truly synergistic effects, particularly across varying
concentration ratios. Moreover, although previous studies
have proposed membrane and cell wall disruption as
key mechanisms underlying catechin activity'*", direct
structural evidence supporting these effects remains
limited. Advanced imaging techniques, therefore, provide
an important complementary approach for elucidating the
cellular basis of antimicrobial interactions. Confocal laser
scanning microscopy enables the assessment of bacterial
viability, membrane integrity, and potential biofilm-
associated changes, whereas cryo-electron microscopy
preserves near-native cellular architecture and allows
high-resolution visualisation of ultrastructural alterations.
Integrating these approaches offers a more comprehensive
understanding of how EPCG influences bacterial
physiology and antibiotic susceptibility.

The present study aimed to (i) determine the
antibacterial activity of EPCG against MRSA and S. aureus,
(ii) evaluate its interaction with tetracycline, ciprofloxacin
and cefotaxime using checkerboard assays complemented
by isobologram modelling, and (iii) characterise
ultrastructural changes induced by EPCG alone and in
combination therapy using confocal and cryo-electron
microscopy. By integrating pharmacodynamic modelling
with structural validation, this work aims to determine
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whether EPCG can serve as an antibiotic adjuvant and
to provide mechanistic insights that support its potential
translational application against MRSA.

2. Materials and methods
2.1. Materials

Mueller-Hinton broth and agar powders (Oxoid Ltd.,
Australia) were prepared according to the manufacturer’s
instructions and used as bacterial growth media. Unless
stated otherwise, all additional chemicals used in this
study were obtained from Merck Life Science Pty. Ltd.
(Australia).

Epicatechin gallate was purchased from Merck Life
Science Pty. Ltd. (Australia) as analytical reagent-grade
powder and dissolved in 1% dimethyl sulfoxide to a stock
concentration of 2,000 pg/mL. The solubilised EPCG was
subsequently diluted to the test concentrations using sterile
deionised water.

2.2. Antibacterial studies
2.2.1. Bacterial cultures

Reference strains of S. aureus (ATCC 25923) and MRSA
(ATCC 43300) were purchased from the American Type
Culture Collection (United States). Individual bacterial
strains were streaked onto Mueller-Hinton agar plates
containing 2% sodium chloride and incubated at 35 °C
for 24 h to obtain pure cultures. A single bacterial colony
was then transferred into freshly prepared Mueller-Hinton
broth with 2% sodium chloride. The bacterial broth
cultures were incubated at 35 °C until the bacteria reached
the log phase of growth. To ensure the purity of bacterial
cultures, each was individually re-streaked on Mueller-
Hinton agar plates.

2.2.2. Liquid microdilution assay

Liquid microdilution assays were used to quantify the
antibacterial susceptibility by determining the minimum
inhibitory concentration (MIC) of EPCG against the tested
bacterial strains, as previously described.””?' A 100 pL
volume of EPCG or antibiotic solution (2,000 pug/mL for
EPCG or 40 pg/mL for antibiotics) was added to the first
row of sterile flat-bottomed 96-well plastic plates, followed
by 100 pL of sterile broth to achieve a final volume of
200 pL. All other wells received 100 pL of sterile broth.
From the first row, 100 uL was transferred to the next row
and mixed thoroughly. This process was repeated down
the plate to create a two-fold serial dilution series. After
dilution, 100 uL of the bacterial suspension, adjusted to
approximately 10® cells/mL (0.5 McFarland standard), was
added to each well. The negative control wells contained
only broth and bacterial inoculum, whilst the sterility

control wells contained only broth. The plates were
incubated at 35 °C for 24 h before determining the MIC
using p-iodonitrotetrazolium (INT) colorimetric assays
(Sigma-Aldrich, Australia). INT solution was prepared
at 0.4 mg/mL in sterile deionised water. The INT solution
turns red when microbial growth occurs. The MIC is the
lowest concentration of EPCG or an antibiotic that does
not cause a colour change. MIC measurements were
performed in triplicate across three separate experiments
(n=9).

2.2.3. Fractional inhibitory concentration
determination

The interaction between EPCG and selected conventional
antibiotics was also evaluated. The combinational effects
were initially examined at a 1:1 ratio and analysed by
calculating the sum of FICs (XFIC): FIC (EPCG) =
(MIC of EPCG in combination with antibiotic)/ (MIC of
EPCG alone), and FIC (antibiotic) = (MIC of antibiotic
in combination with EPCG)/ (MIC of antibiotic alone);
thus: YFIC = FIC (EPCG) + FIC (antibiotic). Interactions
with YFIC values < 0.5 were classified as synergistic; >
0.5-<1.0 as additive; > 1.0-<4.0 as indifferent; and > 4.0
as antagonistic.

Any combinations that produced synergistic or additive
interactions were subsequently examined across nine
different ratios ranging from 10:90 to 90:10 (antibiotic:
EPCG [v/v]), with 10% increasing increments. All tests
were evaluated in three independent experiments, each
with internal triplicates (n = 9). Isobolograms were
generated from the FIC for each ratio to identify synergistic
ratios between EPCG and the antibiotic. Values at or below
the 0.5:0.5 line indicate synergy; points between the 0.5:0.5
and 1.0:1.0 lines show an additive effect; and those above
the 1.0:1.0 line were classified as indifferent interactions.

2.3. Toxicity studies
2.3.1. Artemia franciscana nauplii lethality assay

Standard Artemia franciscana nauplii lethality assays were
used as an initial evaluation of EPCG toxicity. EPCG
concentrations that caused 250% mortality were considered
toxic, and further dilutions were used to determine the
concentration producing 50% mortality (LC_) by linear
regression. Approximately 50 A. franciscana nauplii (North
America Brine Shrimp, LLC, United States) were placed
into each well of a 48-well plate, with 400 uL of artificial
saltwater (32 g/L, Red Sea Pharm Ltd., Israel) to standardise
the assay environment and 400 pL of EPCG. For controls,
separate wells received either potassium dichromate (2
mg/mL, Chem-Supply, Australia) as a positive control
(dissolved in sterile deionised water), or artificial seawater
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as a negative control. The positive control was used at a
concentration of 1 mg/mL in the assay. The plates were
incubated at room temperature for 24 h, and the number of
dead nauplii in each well was determined to calculate the
concentration that induced 50% mortality. The results are
expressed as the mean of three independent experiments,
each with triplicate (n = 9).

2.3.2. MTS cellular viability assay

Human primary dermal fibroblasts (HDFs; ATCC PCS-
201-012) were purchased from American Type Culture
Collection (United States) and were used to evaluate the
toxicity of EPCG. Aliquots of HDFs (70 pL) containing
approximately 5,000 cells were used in all tests. Individual
30 pL volumes of EPCG, with an initial concentration
ranging from 20 to 250 pg/mL, were added to each well
containing 70 pL of cells. The plates were then incubated
at 37 °C in a humidified 5% CO, atmosphere for 24 h. To
prevent interference from the sample colour, control wells
were prepared by mixing 30 pL of EPCG or antibiotic with
70 pL of cell-free media, and the values were subtracted
from the test results. Wells containing cells and media, as
well as media only (without cells), served as negative and
blank controls, respectively. After the 24-h incubation,
20 pL of MTS reagent (Abcam, Australia) was added to
each well, followed by an additional four-hour incubation
at 37 °C. Absorbance was measured at 490 nm using
a CLARIOstar plus multi-plate reader (BMG Labtech,
Australia). All tests were repeated three times, each with
internal triplicates (n = 9). The % cellular viability of each
replicate was calculated using Equation 1:

- ) -
Percentage of cellular viability = y s~ Arsent o x100% (1)

positive control negative control

where A = absorbance at 490 nm. Cellular viability below
50% indicates toxicity.

2.4. Confocal imaging

The combination of EPCG and cefotaxime showed strong
synergy against S. aureus and MRSA. Therefore, this
combination was used in imaging techniques.

2.4.1. Sample preparation

A cell concentration of approximately 10® cells/mL (0.5
McFarland turbidity) was used to ensure consistent data
collection. Two fluorescent dyes, Hoechst 33342 and
fluorescein isothiocyanate (FITC), were used to stain the
bacterial cells. A mixture of EPCG and cefotaxime in a
90:10 ratio (100 pL) was added to the bacterial well (100
pL) in a 96-well plate. Two positive controls were included:
EPCG (1,600 pg/mL) and cefotaxime (40 pug/mL), along

with a negative control of untreated bacterial cells. The
mixture was incubated for three hours, then centrifuged at
2,200 x g for ten minutes. The supernatant was removed,
and 80 uL of phosphate-buffered saline (PBS) was added to
the pellet. The centrifugation step was repeated to remove
the supernatant.

Hoechst 33342 dye (40 pL) was added to the pellet
and incubated for 30 min at 35 °C. After this incubation,
the second dye, FITC (60 pL), served as a counterstain
for the cells. The mixture underwent two centrifugation
steps to remove excess dyes. The cells were then fixed
with 4% paraformaldehyde for 60 min, after which the
paraformaldehyde was removed by centrifugation. The
cells were resuspended in PBS, the plate was sealed with
parafilm, covered with aluminium foil, and stored at 4 °C
until imaging.

2.4.2. Imaging protocol

Images were obtained using a high-content imaging system,
the Operetta CLS (PerkinElmer, Australia), equipped with
a 40x /1.1 numerical aperture objective. Each well was
captured in Brightfield, Hoechst 33342 (excitation 310-350
nm; emission 460-500 nm), and FITC (excitation 460-490
nm; emission 500-550 nm). The images were processed
using Image] software (version 1.54p).

2.5. Cryo-electron microscopy imaging
2.5.1. Sample preparation

A cell concentration of approximately 10° cells/mL
(equivalent to 0.5 McFarland turbidity) was used to
ensure reliable data collection. In a 96-well plate, 100 uL
of a cefotaxime-EPCG mixture (90:10) was added to each
well containing 100 pL of bacterial cells. Two positive
controls, EPCG at 500 pg/mL and cefotaxime at 40 pg/mL,
were included, along with a negative control of untreated
bacterial cells. The mixture was incubated for 24 h, then
centrifuged at 2,200x g for 10 min. The supernatant was
removed, and 80 uL of PBS was added to the pellet, followed
by a repeat centrifugation to remove residual supernatant.
The cells were resuspended in PBS for imaging.

2.5.2. Imaging protocol

Lacey carbon films served as sample carriers on 300 mesh
copper grids (Electron Microscopy Sciences (United States).
Immediately before use, the grids were glow-discharged
for 30 s with a Diener Femto TEM system set at 30% power
(Diener Electronic, Germany). The samples were cryo-
fixed in liquid ethane at —183 °C using a Leica GP-EM2
(Leica Microsystems, Austria). Freezing was performed on
a Leica GP-EM2 with environmental chamber conditions
set at 25 °C and 95% relative humidity, applying 2.5 pL of
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sample and blotting for seven seconds. The samples were
then stored in liquid nitrogen until further analysis.

For imaging of frozen-hydrated bacteria, a JEOL
CryoARM 300 JEM-Z300 FSC (JEOL, Japan) equipped
with a Gatan K3 direct electron detector (Gatan, United
States) was used. The microscope operated at 300 kV with
a 20 eV slit width on the omega energy filter. Serial EM*>*
(version 4.2) was used for image acquisition. Samples were
imaged at —180 °C under low-dose conditions, with each
exposure lasting four seconds and comprising 40 subframes
in counting mode. Movie frames were motion-corrected
using SerialEM’s frame alignment feature and combined
into a single image of 40 subframes. The images were saved
as TIFF files via the Snapshot function in SerialEM. To
determine the effects of EPCG-cefotamine on membrane
thickness and structural damage, six representative cells
were randomly selected; their thicknesses and gaps were
measured, and the mean values were reported.

2.4. Statistical analysis

Whilst statistical tests were not possible with the broth
microdilution assays, the MIC values were determined
three times on separate days, with three technical replicates
per assay. This was done to help ensure the reliability and
reproducibility of the MIC value determinations.

3. Results
3.1. Liquid microdilution assay

Epicatechin gallate was tested at a maximum concentration
of 500 pg/mL, with equivalent concentrations expressed in
uM for reference (Table 1). EPCG demonstrated notable
antibacterial activity against S. aureus and MRSA, with
MIC values of 208.33 pg/mL (470.94 uM) and 187.50 ug/
mL (423.85 uM), respectively. Both bacterial strains were
susceptible to tetracycline. Varying levels of resistance to
cefotaxime and ciprofloxacin were also observed.

3.2. Fractional inhibitory concentration
determination

Combination assays of EPCG with three conventional
antibiotics were conducted to evaluate the antibacterial
potential of EPCG and characterise its combinatorial effects.
Combinations were tested at a 1:1 ratio, and the YFIC was
calculated to determine the nature of their interactions.
Notably, the combination of EPCG and cefotaxime, an
antibiotic to which both strains exhibited resistance,
produced a synergistic effect (Table 2). The YFIC values
of 0.25 calculated for this combination against S. aureus
and 0.15 for MRSA indicate strong synergy. A synergistic
interaction was also observed in the combination of EPCG
and tetracycline against S. aureus (XFIC = 0.5). All other

Table 1. Minimum inhibitory concentration values for epicatechin gallate and the reference antibiotics against Staphylococcus

aureus and methicillin-resistant Staphylococcus aureus

Minimum inhibitory concentration, pg/mL (uM)

Chemical or antibiotic

Staphylococcus aureus

Methicillin-resistant Staphylococcus aureus

Epicatechin gallate

Cefotaxime 2.5(5.24)
Ciprofloxacin 1.25 (3.77)
Tetracycline 1.46 (3.04)*

208.33 (470.94)

187.50 (423.85)
12.5 (26.18)
2.5 (7.55)
0.52 (1.08)"

Note: * indicates bacteria are susceptible to the tested antibiotic, based on Clinical and Laboratory Standards Institute M100 and M45 guidelines.* The
results are expressed as the mean of three independent experiments, each with internal triplicates (n = 9).

Table 2. Sum of fractional inhibitory concentration values at a 1:1 ratio for epicatechin gallate in combination with reference

antibiotics

Fractional inhibitory concentration (XFIC)

Bacterial species

Cefotaxime Ciprofloxacin Tetracycline
Staphylococcus aureus 0.25° 2.0 0.5°
Methicillin-resistant Staphylococcus aureus 0.15° 2.5 0.75"

Note: XFIC values were evaluated in triplicate (n = 3). XFIC values <0.5 are classed as synergy; >0.5-<1.0 are classed as additive; and >1.0-<4.0 as
indifferent. *and ® values indicate synergy and additive, respectively. The results are expressed as the mean of three independent experiments, each with

internal triplicates (n = 9).
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tested combinations demonstrated either additive or
indifferent interactions, and no antagonistic effects were
detected.

3.3.Isobologram analysis

The three initial combinations showing synergistic
interactions were further tested across eight additional
concentration ratios, from 90:10 to 10:90 (v/v) in 10%
increments. All these ratios continued to exhibit synergy.
Notably, every EPCG-cefotaxime combination ratio
demonstrated strong synergy against MRSA, consistently
yielding low YFIC values across the range. This emphasises
the powerful synergistic effect of this pairing against
resistant Gram-positive bacteria (Figure 1).

3.4. Quantification of toxicity

Epicatechin gallate was tested against Artemia franciscana
nauplii at concentrations of 125 to 250 pg/mL for an initial
toxicity evaluation. The highest concentration (250 pg/
mL) was chosen because the maximum MIC observed was

208.33 pg/mL (Table 1). Mean mortality percentages from
triplicate tests were used to determine LC_, values. EPCG
showed no toxicity to A. franciscana at 250 pug/mL (Table
3).

Additionally, cytotoxicity against HDFs was assessed
across a concentration range of 25-250 pg/mL. Samples
causing <50% cell viability at a given concentration were
deemed toxic. The LC, for EPCG was 100 pg/mL (226.06
uM), as shown in Table 3. The 90:10 cefotaxime-EPCG
combination did not exhibit cytotoxicity in either the
Artemia nauplii lethality test or the HDF test, with cell
viability remaining above 50% at all tested concentrations.
No LC,, value is provided for this mixture because it
involves a mixture ratio rather than a single compound.

3.5.Imaging analysis

The combination of cefotaxime and EPCG exhibited the
strongest synergistic effect against both S. aureus and
MRSA strains. Therefore, this combination was selected
for microscopy analysis. To visualise the cellular effects

Figure 1. Isobolograms of EPCG in combination with cefotaxime and tetracycline against S. aureus (A & B) and MRSA (C). The ratios are expressed as
the XFIC values for the antibiotic relative to EPCG. Ratio = % antibiotic: % EPCG (v/v). FIC values are displayed as the means of three repeats in three
independent experiments (n = 9). YFIC values below the 0.5-line represent synergy; YFIC values between the 0.5 and 1 lines are classified as additive

interactions. Only the synergistic and additive ratios are shown in these figures.

Abbreviations: EPCG: Epicatechin gallate; FIC: Fractional inhibitory concentration; MRSA: Methicillin-resistant Staphylococcus aureus.
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Table 3. LC, values of epicatechin gallate and the cefotaxime-epicatechin gallate (90:10) combination

LC,, value, pg/mL (uM)

Compounds

Artemia nauplii

Human dermal fibroblasts

Epicatechin gallate

Cefotaxime: Epicatechin gallate (90:10)

>250 (>564.14)

Non-toxic?

100 (226.06)

Non-toxic?

Note: ® indicates that the combination resulted in >50% cell viability.

of this combination, bacterial cells treated with EPCG,
cefotaxime, or their combination were imaged using two
techniques: confocal laser scanning microscopy at 40x
magnification with counterstaining and high-resolution
electron microscopy to examine nanoscale ultrastructural
changes.

3.5.1. Confocal imaging

A counterstaining method was used with two fluorescent
dyes: Hoechst 33342 and FITC. Hoechst 33342
selectively binds to DNA and is frequently employed
to stain nuclei in both live and dead cells, emitting blue
fluorescence.” Conversely, FITC attaches to proteins and
other molecules with primary amines, causing them to
emit green fluorescence.?® Dual staining with Hoechst
33342 and FITC enables visualisation of nucleic acid-
and membrane-associated components in S. aureus and
MRSA. When the fluorescence channels were combined
in Image], overlapping areas of Hoechst 33342 (blue) and
FITC (green) appeared teal, indicating co-localisation of
the two fluorophores within the same region, as expected
from additive blending of blue and green channels.”?
In this study, the untreated control groups for both S.
aureus and MRSA showed higher bacterial cell density,
as evidenced by the large, blue-stained areas representing
intact or fragmented bacterial DNA (Figures 2A and 3A).
The observed green fluorescence is thought to indicate
extracellular protein material, likely associated with
secreted proteins or broken cellular components.? The lack
of teal fluorescence (a mix of blue and green signals) in the
negative control samples indicates no biofilm formation,
as expected in untreated cells (Figures 2C and 3C).
Conversely, samples treated with cefotaxime alone (Figures
2F and 3F) and with both cefotaxime and EPCG (Figures
2L and 3L) showed dense cell clusters with teal staining,
with more noticeable clumping in the cefotaxime-only
MRSA group (Figure 3F). This teal colour may suggest the
co-localisation of DNA and proteins, likely representing
extracellular polymeric substances or cellular aggregates
typical of biofilms. In comparison, EPCG-treated samples
(Figures 2I and 3I) displayed minimal green fluorescence
and no teal-stained clusters, implying limited protein
secretion and no biofilm-like cell aggregation. All treated

samples had a smaller, blue-stained surface area, reflecting
a reduced bacterial cell density relative to the control.

3.5.2. Cryo-electron microscopy imaging

Confocal imaging revealed significant differences between
MRSA cells treated with cefotaxime and those treated with
cefotaxime-EPCG, prompting further analysis of their
ultrastructural changes by cryo-electron microscopy. Figure
4A,B display untreated MRSA cells with a normal average
membrane thickness of about 32.5 nm (measured between
the blue and red lines), showing intact cytoplasm and
structural integrity. After cefotaxime treatment, a B-lactam
antibiotic that inhibits PBPs involved in peptidoglycan
synthesis, three of four MRSA cells demonstrated a reduced
membrane thickness of approximately 10 nm (Figure
4C,D). Despite MIC data indicating MRSA resistance to
cefotaxime, structural alterations were apparent. Most
treated cells retained membrane integrity, though one cell
showed lysis, marked by the teal arrow in Figure 4C.

Epicatechin gallate-treated MRSA cells showed a
different morphological response (Figure 4E,F). There was
a clear detachment of the cytoplasmic membrane from
both the peptidoglycan layer and the cytoplasm. The gap
between the peptidoglycan and the membrane was 45
to 52.5 nm, and the space between the membrane and
cytoplasm ranged from 50 to 142.5 nm. This detachment
and cytoplasmic shrinkage suggest cytoplasmic lysis,
despite the outer membrane remaining mostly intact.
Notably, MRSA cells exposed to a combination of
cefotaxime and EPCG had ultrastructural damage affecting
both the cell wall and internal components (Figure 4G,H).
In Figure 4G, membrane thickness varied from 28.6 to
57.2 nm, showing features similar to those observed
with individual treatments. Severe stress characteristics
included membrane deformation, destruction of the
peptidoglycan layer, and significant cytoplasmic shrinkage.
Figure 4G shows partial cell lysis, whilst Figure 4H shows
marked curvature of the cell envelope and cytoplasmic
disintegration, without full lysis. These results reveal a
synergistic effect at the ultrastructural level, where the
combination of cefotaxime and EPCG induces greater
cellular disruption in MRSA than either compound alone.
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Hoechst 33342 FITC Merged
A B C
D E F
G H I
J K L

Figure 2. Confocal microscopy images of untreated S. aureus cells (A-C) and S. aureus cells treated with cefotaxime (D-F), epicatechin gallate (EPCG)
(G-T) and 90:10 cefotaxime-EPCG combination (v/v) (J-L) counterstained with Hoechst 33345 and fluorescein isothiocyanate (FITC) and imaged at 40x
magnification. Scale bar: 500 pm.
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Figure 3. Confocal microscopy images of untreated methicillin-resistant Staphylococcus aureus (MRSA) cells (A-C) and MRSA cells treated with
cefotaxime (D-F), epicatechin gallate (EPCG) (G-I) and 90:10 cefotaxime-EPCG combination (v/v) (J-L) counterstained with Hoechst 33345 and
fluorescein isothiocyanate (FITC) and imaged at 40x magnification. Scale bar: 500 pum.
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A B

Figure 4. Cryo-electron microscopy imaging showing changes in the ultrastructure of methicillin-resistant Staphylococcus aureus (MRSA) cells. Blue line
= peptidoglycan layer; red line = cytoplasmic membrane; green line = cytoplasm; teal arrowhead = rupture of cell envelope and release of cytoplasmic
contents. (A & B) Representative images of intact MRSA cells are shown. (C & D) MRSA cells treated with cefotaxime. (C) A cell with a destroyed
cell envelope leading to rupture. (D) A top right cell displaying membrane layer changes, a decreased periplasmic space, and cytoplasm shrinkage. (E
& F) MRSA cells exposed to epicatechin gallate (EPCG). These cells exhibited cytoplasmic shrinkage and lysis, while the peptidoglycan layer stayed
mostly intact. (G and H) MRSA cells treated with a 90:10 cefotaxime-to-EPCG ratio. (G) Multiple forms of damage, including cell envelope destruction,
membrane thinning, cytoplasmic shrinkage, and lysis, are observed. (H) Peptidoglycan layer destruction, cell envelope curvature, cytoplasm shrinkage,
and no cell lysis are noted. Scale bar: 100 nm; magnification: 30,000x.
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4, Discussion

The ongoing therapeutic difficulties associated with MRSA
highlight the need for approaches that endeavour to
improve the effectiveness of existing antibiotics rather than
relying exclusively on the discovery of new antimicrobial
agents. In this regard, naturally derived compounds
capable of modifying bacterial susceptibility have attracted
increasing interest as antibiotic adjuvants.”**® Galloylated
catechins, including EPCG, have emerged as particularly
promising candidates due to their ability to interact
with bacterial membranes and cell wall structures.'*"'7*!
The findings of the present study reinforce this concept,
demonstrating that EPCG can alter bacterial susceptibility
and enhance the antibacterial performance of conventional
antibiotics against both S. aureus and MRSA.

Epicatechin gallate exhibited MICs of 208.33 pg/
mL (470.94 uM) against S. aureus and 187.50 pg/mL
(423.85 uM) against MRSA, indicating moderate intrinsic
antibacterial activity against both strains. Catechins
derived from green tea, including EPCG and related
galloylated analogues, have been extensively reported to
inhibit the growth of Gram-positive pathogens such as
S. aureus, MRSA and Bacillus cereus.>-** Much like the
structurally related catechin epigallocatechin-3-gallate
(EGCG), EPCQG is believed to exert antibacterial effects
through multiple mechanisms, including disruption
of cytoplasmic membrane integrity, inhibition of key
bacterial enzymes, and modulation of virulence-associated
gene expression.'®3>36

Previous studies have also demonstrated that catechins
can exert differential antibacterial activity depending
on bacterial cell envelope structure. For example, EGCG
preferentially affects Gram-positive bacteria, compared
with Gram-negative organisms.”” In S. aureus, EGCG has
been reported toinduce aggregation within the bacterial cell
envelope, ultimately leading to membrane destabilisation
and cell lysis.”” Notably, this effect differs from oxidative
stress-mediated killing mechanisms, as similar aggregation
is not observed when cells are exposed to reactive oxygen
species such ashydrogen peroxide.?” In contrast, bactericidal
effects against Gram-negative bacteria appear to rely more
on hydrogen peroxide generation, suggesting that the mode
of action of catechins is influenced by differences in cell
envelope composition and oxidative stress sensitivity. The
selective activity observed in the present study, in which
EPCG demonstrated antibacterial activity against Gram-
positive strains, is therefore consistent with these previous
reports.'*” Collectively, these findings support the view
that galloylated catechins exert antibacterial activity
through a combination of direct structural disruption and
interference with key bacterial physiological processes,

effects that are particularly pronounced in Gram-positive
organisms with accessible peptidoglycan-rich cell walls.

Whilst EPCG demonstrated intrinsic antibacterial
activity against S. aureus and MRSA, the relatively
moderate MIC values suggest that its therapeutic potential
may be more effectively realised when used in combination
with conventional antibiotics. Accordingly, the capacity
of EPCG to function as a resistance-modifying agent
was further explored through combinational analyses.
Isobologram evaluations revealed that EPCG can potentiate
the activity of several antibiotics, most notably B-lactams
and tetracyclines, at defined concentration ratios. These
interactions were assessed using both S. aureus and MRSA
to enable comparison between an antibiotic-susceptible
strain and a P-lactam-resistant phenotype. Examining the
combinations across these two strains provided insights
into how EPCG influences antibiotic performance under
different resistance conditions. The consistent synergistic
interactions observed in these analyses suggest that EPCG
may act as a natural resistance-modifying compound
capable of enhancing the efficacy of existing antibiotics
against Gram-positive pathogens.

Among the combinations evaluated, the EPCG-
cefotaxime pairing produced the most pronounced
synergistic effects. The YFIC values reached as low as
0.15 against MRSA and 0.25 against S. aureus, both well
below the established synergy threshold of 0.5. These
findings are particularly significant given that MRSA is
characteristically resistant to [P-lactam antibiotics due
to alterations in PBPs.*®* The marked synergy observed
therefore suggests that EPCG may enhance cefotaxime
activity by partially overcoming or destabilising these
resistance mechanisms. Several mechanisms may
contribute to this interaction, including EPCG-induced
disruption of membrane integrity, increased antibiotic
permeability, interference with PBP localisation, or
modulation of bacterial regulatory pathways involved in
virulence and resistance.'”*>*

Previous work by Stapleton et al.'* provides additional
insights into the interaction between EPCG and B-lactam
antibiotics. Their study showed that EPCG increased MRSA
susceptibility to oxacillin and promoted the aggregation
of staphylococcal cells, whilst also inducing changes in
cell wall structure. Importantly, this enhanced B-lactam
activity was not linked to reduced expression of PBP2a
or direct binding of EPCG to peptidoglycan. Instead,
only a modest decrease (<10%) in peptidoglycan cross-
linking was observed. Although this level of reduction
does not appear sufficient to cause structural collapse of
the cell wall, it may still destabilise cellular homeostasis.
Such alterations may influence bacterial stress responses,
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including the downregulation of efflux pump activity,
thereby allowing greater intracellular accumulation of
antibiotics and ultimately enhancing antibacterial activity.
Further mechanistic investigations, particularly using
imaging approaches such as confocal and cryo-electron
microscopy, are therefore valuable for clarifying how EPCG
influences membrane permeability, cell wall structure, and
intracellular dynamics.

In the present study, EPCG consistently potentiated
the antibacterial activity of cefotaxime against both S.
aureus and MRSA across all tested ratios (Figure 1B,C),
whilst also enhancing the eflicacy of tetracycline against
S. aureus (Figure 1A). The synergistic effect likely arises
from complementary mechanisms of action between the
two agents. EPCG has been shown to perturb bacterial
membranes and increase permeability'*'>*, whereas
cefotaxime inhibits peptidoglycan synthesis and disrupts
cell wall formation.”® Simultaneous targeting of multiple
structural components of the bacterial envelope can
amplify antibacterial effects, even when each compound is
present at sub-inhibitory concentrations. This cooperative
interaction provides a plausible explanation for the strong
synergy observed in the checkerboard and isobologram
analyses (Table 2 and Figure 1). Importantly, such
interactions may enable the therapeutic use of lower
EPCG concentrations, thereby reducing the likelihood
of host—cell toxicity whilst maintaining antibacterial
efficacy. However, this remains to be verified in future
investigations, particularly through in vivo studies.

To evaluate the safety profile of EPCG, cytotoxicity
was assessed using the Artemia nauplii lethality assay and
a HDF cell model. In the Artemia nauplii assay, EPCG
produced less than 50% mortality, even at the highest
concentration tested (250 pg/mL), a value exceeding the
MICs determined against S. aureus and MRSA (Table
1). These results indicate an absence of acute toxicity at
concentrations relevant to antibacterial activity. In contrast,
testing in HDF cells revealed an LC_ of 100 ug/mL (226.06
uM), indicating a narrower margin between antibacterial
potency and host-cell toxicity. Indeed, these results equate
to a safety index (calculated by dividing the MIC by the
LC50) of approximately 2 for both S. aureus and the MRSA
strain (based on HDF toxicity data). Nevertheless, this
LC,, remains approximately twofold higher than the MIC
values observed against both S. aureus and MRSA. Whilst
this indicates a moderate therapeutic window, it also
highlights potential limitations of EPCG as a standalone
antimicrobial at higher concentrations.

These observations emphasise the advantage of
combination strategies that maintain antibacterial efficacy,
whilst reducing the required EPCG dose. Consistent

with this rationale, the cefotaxime: EPCG combination
at a 90:10 (v/v) ratio showed no detectable toxicity in
either the Artemia nauplii or HDF assays. Because the
formulation consists of two compounds administered
together, calculation of an LC, for the mixture was
not feasible. However, both assays showed cell viability
above 50%, indicating that the combination treatment
does not compromise host cell survival under the tested
conditions. This finding suggests that incorporating EPCG
at a relatively low proportion in the combination not
only enhances cefotaxime activity but also mitigates the
cytotoxic effects observed with EPCG alone. Therefore, this
combination therapy approach may have several benefits
over conventional antibiotic therapies: it has greater
antibacterial potency and allows for lower therapeutic
doses, which not only increases therapeutic safety but may
also reduce the induction of further antibiotic resistance
in the target pathogens. Consequently, this ratio was
considered appropriate for further mechanistic evaluation.

Given the strong synergistic interaction and
favourable toxicity profile observed at the optimised
ratio, the cefotaxime-EPCG combination was selected
for subsequent imaging analyses. Confocal microscopy
was first employed to visualise bacterial cell density and
potential biofilm formation using dual fluorescent staining
(Figures 2 and 3). Untreated control samples of both S.
aureus (Figure 2A) and MRSA (Figure 3A) showed intense
blue fluorescence from Hoechst 33342 staining, indicating
a high bacterial cell density. Simultaneously, widespread
green fluorescence from FITC staining suggested the
presence of extracellular proteinaceous material associated
with early biofilm development (Figures 2B and 3B).
These findings align with the well-documented ability of
S. aureus and MRSA to form biofilms as a survival strategy,
particularly under environmental stress or suboptimal
growth conditions.* However, the proposed effects of
the cefotaxime-EPCG combination on biofilm formation
should be confirmed in future studies using crystal violet
biomass assays, viable biofilm CFU counts, COMSTAT
analysis, extracellular polymeric substance staining, and
other established biofilm models.

When treated with cefotaxime alone, S. aureus
samples displayed only small clusters of teal-coloured
fluorescence resulting from overlapping blue and green
signals, indicating partial inhibition of bacterial growth
with residual biofilm activity (Figure 2F). In contrast,
MRSA cells treated with cefotaxime formed larger, more
intense, teal-stained aggregates, accompanied by stronger
green fluorescence signals (Figure 3F). This observation
is consistent with the lower susceptibility of MRSA to
cefotaxime (MIC = 12.5 ug/mL compared with 2.5 pg/mL
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for S. aureus). The increased aggregation and extracellular
protein signal may reflect persistent biofilm-associated
activity, which is known to involve surface proteins, such
as fibrinogen-binding proteins, and extracellular DNA.?
These findings further highlight the limited ability of
cefotaxime alone to overcome the intrinsic resistance
mechanisms of MRSA.

In contrast, treatment with EPCG resulted in a
pronounced reduction in green fluorescence intensity and
the disappearance of teal-stained aggregates, suggesting
a substantial decrease in extracellular matrix production
and biofilm formation (Figures 2I and 3I). The bacterial
cells were also more dispersed compared with untreated
controls, indicating reduced intercellular adhesion.
Such dispersion may reflect disruption of early biofilm
formation processes, which rely on cell-cell interactions
and extracellular matrix development. Given that biofilms
provide protective barriers against environmental stress
and antibiotic exposure, the suppression of biofilm
formation observed in EPCG-treated samples highlights
the potential of this compound as an anti-virulence and
anti-biofilm agent.

Notably, samples treated with the combined EPCG-
cefotaxime formulation exhibited an even greater reduction
in teal-stained aggregates compared with cefotaxime
treatment alone (Figures 2L and 3L). The diminished
size and intensity of these clusters correspond well with
the synergistic interactions observed in the YFIC and
isobologram analyses. This suggests that EPCG not only
enhances the direct antibacterial activity of cefotaxime, but
may also disrupt the structural stability of biofilms, thereby
facilitating improved antibiotic penetration into bacterial
communities. Such effects further support the role of
EPCG as a promising antibiotic adjuvant for the treatment
of biofilm-associated infections caused by resistant Gram-
positive pathogens.

To further investigate structural changes induced
by these treatments, cryo-electron microscopy was
employed to visualise bacterial ultrastructure (Figure
4). Whilst confocal microscopy provided an overview of
bacterial distribution and extracellular matrix formation,
electron microscopy allowed detailed examination of
cellular architecture, including membrane integrity
and cytoplasmic organisation. Untreated MRSA cells
exhibited intact cell envelopes with a peptidoglycan layer
approximately 32.5 nm thick (Figure 4A,B), consistent
with previously reported dimensions for Gram-positive
bacterial cell walls, which typically range between 20 and 40
nm.** No abnormalities were observed in the membrane
or cytoplasmic compartments, confirming normal cellular
integrity under control conditions.

Exposure of MRSA cells to cefotaxime resulted in
noticeable structural alterations. Although the MIC data
confirmed resistance to cefotaxime according to Clinical
and Laboratory Standards Institute guidelines (MIC =
12.50 pg/mL), electron microscopy revealed a substantial
reduction in peptidoglycan thickness to approximately 10
nm compared with the untreated control. Additionally,
distorted membrane contours and occasional localised
membrane disruption were observed (Figure 4C,D).
However, no widespread cytoplasmic leakage or extensive
cellular rupture was detected, indicating that the antibiotic
induced partial structural damage without achieving
complete bactericidal effects. Such sublethal responses
have been reported previously for P-lactam antibiotics
in resistant bacteria, where altered PBPs or p-lactamase
activity prevent full inhibition of cell wall synthesis while
still triggering stress responses.”>** The persistence of
closely associated cells further suggests ongoing biofilm-
related interactions despite antibiotic exposure.

Previous studies have suggested that EPCG integrates
into the cytoplasmic membrane of MRSA, disrupting lipid
organisation and altering cell wall synthesis pathways.”
In particular, EPCG has been reported to reduce levels
of lysyl-phosphatidylglycerol, a membrane lipid involved
in bacterial stress responses and virulence regulation.
Reduction of this lipid may impair the ability of MRSA
to adapt to environmental stress and may therefore
weaken its pathogenic potential.”® The ultrastructural
observations in the present study are consistent with
this mechanism. EPCG-treated MRSA cells displayed a
pronounced expansion of the periplasmic space between
the peptidoglycan layer and the cytoplasmic membrane,
measuring between 45 and 52.5 nm (Figure 4E,F). In
addition, significant cytoplasmic shrinkage created a
secondary gap ranging from approximately 50 to 142.5
nm between the membrane and the cytoplasmic contents.
In some cells, collapse of internal structures was evident
despite preservation of the outer cell wall, indicating
cytoplasmic lysis. These observations suggest that EPCG
disrupts intracellular homeostasis and osmotic balance
without immediately causing catastrophic membrane
rupture.

The combination of cefotaxime and EPCG (in a 90:10
[v/v] ratio) produced distinctive ultrastructural alterations
consistent with a dual mechanism of antibacterial action
(Figure 4G,H). Electron microscopy revealed pronounced
morphological distortions, including S-shaped curvature
of the peptidoglycan layer and underlying cytoplasmic
membrane. The periplasmic space appeared irregular,
ranging from approximately 28.6 to 57.2 nm, indicating
significant destabilisation of the cell envelope. Evidence of
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cytoplasmic lysis was observed in two of the four analysed
cells, accompanied by disrupted intracellular organisation.
Interestingly, the pronounced cytoplasmic shrinkage
characteristic of EPCG monotherapy was less evident in
samples treated with the combination. This difference
may reflect the dominance of cefotaxime activity at the
applied 90:10 (v/v) cefotaxime:EPCG ratio. Overall, the
structural observations support the conclusion that the
combined treatment exerts complementary antibacterial
effects, whereby EPCG compromises membrane integrity
and intracellular stability whilst cefotaxime inhibits
peptidoglycan synthesis. Together, these mechanisms
enhance antibacterial activity and reinforce the synergistic
potential of this combination against resistant Gram-
positive pathogens, such as MRSA. However, it is
noteworthy that our study tested EPCG against a limited
panel of reference bacterial strains. Future studies should
screen against an expanded bacterial panel that includes
additional antibiotic-resistant strains. EPCG should
be tested (alone and in combination with conventional
antibiotics) against further bacterial species to provide a
more complete understanding of its spectrum of activity.
Additionally, future studies using membrane permeability
assays, peptidoglycan analysis, PBP2a expression/binding
assays, and P-lactamase testing are required to validate
the envelope disruption, PBP-related effects, permeability
changes, and mechanisms of resistance modification
postulated in our study. Furthermore, transcriptomic/
proteomic analyses may provide additional insights into
mechanisms of resistance modification.

5. Conclusion

Overall, the findings of this study reveal the potential
of EPCG as a natural resistance-modifying compound
that enhances the antibacterial efficacy of conventional
antibiotics against Gram-positive pathogens, particularly
by inducing structural changes in the cell envelope. The
pronounced synergistic interaction observed between
EPCG and cefotaxime, particularly against MRSA,
suggests that galloylated catechins may partially overcome
B-lactam resistance mechanisms by destabilising bacterial
membranes and altering cell wall-associated processes.
These functional interactions were further supported by
confocal and cryo-electron microscopy, which revealed
significant alterations in bacterial structure, reduced
cell aggregation, and diminished Dbiofilm-associated
features following combination treatment. Importantly,
the optimised cefotaxime-EPCG combination ratio
demonstrated minimal cytotoxicity in both the Artemia
nauplii and human dermal fibroblast models, indicating
that synergistic combinations may improve antibacterial
efficacy whilst maintaining host cell safety. Future studies

should confirm this low toxicity across additional assay
systems, particularly in vivo models. Collectively, these
findings support the model in which EPCG functions as
an antibiotic adjuvant, restoring or amplifying the activity
of existing drugs and offering a promising strategy for
addressing persistent infections caused by resistant Gram-
positive bacteria, including MRSA. These results provide a
foundation for developing EPCG-based adjuvant therapies
to restore the clinical utility of conventional antibiotics.
Future investigations should include clinical isolate
panels, biofilm-forming strains, and in vivo infection
models to further validate the applicability of EPCG-based
combinations.
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