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Tailoring the morphology and crystallinity of
MoS2 for bacterial inhibition of Gram-negative
and Gram-positive bacteria

Joseph Monahan,a Shauna O’Shea-Boland,b Fiona Walshb and
Carmel B. Breslin *a

Antimicrobial resistance causes millions of infections and deaths each year, necessitating new

approaches to minimise these effects. Here, we present a direct comparison of crystalline, MoS2

nanosheets (MNS) and amorphous MoS2 nanoflowers (MNF) against Escherichia coli MG1655 (Gram-

negative bacteria) and Staphylococcus aureus RN4220 (Gram-positive bacteria). The crystalline MNS

sheets of different sizes were obtained using exfoliation of bulk MoS2, while the amorphous MNF was

formed using hydrothermal synthesis. Using XPS, the MNF was found to contain MoO3 in addition to

MoS2, while the MNS had little or no impurities. The MNS exhibited a Zeta potential of �29.4 mV, while

MNF showed a lower potential of �23.5 mV, indicating greater dispersibility of the MNS in aqueous-

based biological media. Utilising a combination of Ellman’s, nitroblue tetrazolium, and terephthalic acid

assays, the crystalline MNS was observed to favour superoxide-linked oxidative stress, which proved

particularly effective against Escherichia coli. Conversely, the amorphous MNF produced hydroxyl

radicals that facilitated early GSH oxidation, thereby favouring inhibition of Staphylococcus aureus. In

both cases, there was no evidence of membrane cell damage.

Introduction

The World Health Organisation (WHO) has classified antimi-
crobial resistance (AMR) as one of the most significant chal-
lenges to human health. In 2019, it was estimated that bacterial
AMR was directly responsible for 1.27 million deaths globally,
having contributed to 4.95 million deaths.1 The rise of this
resistance is driven by a number of factors, including antimi-
crobial overuse in human medicine and agriculture, and
vaccination reluctance.2 Not surprisingly, the pharmaceutical
industry faces tremendous pressure to continually develop new
antibacterial treatments to combat emerging, resistant strains.
Attention has now turned to alternative methods to prevent the
development, accumulation and spread of AMR.

An essential strategy for tackling AMR is to limit the spread
of infection by targeting contaminated surfaces, which are now
recognised as key vectors for microbial transmission. Contami-
nated surfaces are recognised as an important route for the
transmission of microorganisms in a variety of environments,

including hospitals, food-processing plants and public areas.
Many clinically relevant bacteria, including E. coli and S. aureus,
have been shown to persist on dry surfaces for prolonged
periods.3 These surfaces can then act as reservoirs for bacterial
transmission. Current cleaning and disinfection methods can
reduce surface contamination, however, recolonisation can
occur rapidly.4 This highlights the need for materials which
can provide sustained antibacterial protection. Such intrinsi-
cally antibacterial materials can be integrated into coatings,
polymeric substrates and textiles to deliver continuous protec-
tion and lower the risk of surface colonisation and infection.

In this regard, nanomaterials have become a focus as
unconventional antimicrobial agents due to their distinctive
physical and chemical properties. These nanomaterials offer a
different perspective to their macroscopic predecessors due to
their increased surface area and their variable shape and
morphology. A wide variety of nanomaterials have been
explored as potential antibacterial agents, including carbon-
based nanomaterials,5 metal nanoparticles,6 and metal oxides
and sulfides.7 One nanomaterial family of particular interest
are the two-dimensional transition metal dichalcogenides (2D-
TMDs). These are a family of van der Waals layered materials
which have a wide variety of applications in electrochemistry,8

phototherapy and biomedicine.9 Molybdenum disulfide (MoS2)
is the most prominent of this family. MoS2 is commonly seen as
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a bulk material which is then exfoliated, through numerous
methods, to yield single/few-layered nanosheets.10 However,
MoS2 can be synthesised by other methods to yield other
morphologies. Hydrothermal synthesis accompanied by var-
ious surfactants has been reported to yield a variety of 2D-
TMD morphologies, including flowers,11 spheres and rods.12

The performance of MoS2 in its various applications is
strongly influenced by its size, structure and morphology.
MoS2 nanosheets and similarly structured materials, such as
graphene oxide, have been reported to exert a physical, ‘knife-
like’ action on bacterial cells.13 This physical action has been
reported to confer MoS2 nanosheets with superior antibacterial
activity compared to that of bulk MoS2.14 Both membrane
damage due to the knife-like action, as evidenced by scanning
electron microscopy,15 and a wrapping effect have been
proposed to account for the antibacterial mechanism.16 With
wrapping, the sheets encase the bacterial cells, depriving them
of the nutrients necessary for growth and proliferation. Larger
sheets have shown more effective wrapping. A similar wrapping
effect has been reported for graphene.17 In addition, MoS2 acts
as a semiconductor, generating reactive oxygen species (ROS),
particularly the superoxide anion (O2

��), and ROS-independent
oxidative stress by glutathione oxidation. MoS2 nanoflowers
have similarly been reported to generate ROS, causing ROS-
independent oxidative stress18 in bacterial species, with higher
ROS generation under visible-light irradiation.19

In this work, the influence of this morphological difference
on the antibacterial inhibition of Gram-negative bacteria (GNB)
and Gram-positive bacteria (GPB) was studied. GNB have been
reported to be more susceptible to physical membrane damage
due to their thinner peptidoglycan layer, which is approxi-
mately 10-fold thinner than that of GPB.17 GNB have also been
shown to be more susceptible to oxidative stress (ROS-
dependent and ROS-independent) and are particularly suscep-
tible to oxidative stress during their exponential growth
phase,18 making oxidative stress important for the inhibition
of bacterial growth.

While previous research has explored the antibacterial prop-
erties of MoS2 nanosheets and nanoflowers/flowers individu-
ally, no studies to date have systematically compared these
morphologies against both GNB and GPB to determine the role
of morphology in inhibition activities. Here, crystalline MoS2

nanosheets and amorphous MoS2 nanoflowers are directly
contrasted to establish how morphology, crystallinity, surface
chemistry, and colloidal stability govern strain-dependent anti-
bacterial selectivity. Escherichia coli (E. coli) MG1655 (GNB
model) and Staphylococcus aureus (S. a ureus) RN4220 (GPB
model) were used to determine the effect of the nanostructure
morphology on bacterial inhibition. The MoS2 nanosheets
(MNS) had more potent inhibition against E. coli. In contrast,
the MoS2 nanoflowers (MNF) more effectively targeted S. aur-
eus. To understand the inhibition mechanism, ROS production
was investigated using a nitroblue tetrazolium (NBT) assay to
detect superoxide anions, a terephthalic acid (TA) assay to
detect hydroxyl radicals, and an Ellman’s assay was employed
to assess in vitro glutathione oxidation. These findings

contribute to the structure–activity relationships of TMDs as
antibacterial materials and highlight their potential for tailored
applications in combating antimicrobial resistance.

Experimental
Materials and methods

All chemicals used were of analytical reagent grade and did not
require further purification before use. These chemicals included
MoS2 (o2 mm), sodium molybdate dihydrate, thiourea, D-(+)-glucose,
nitro blue tetrazolium (NBT), dimethyl sulfoxide (DMSO), 5,50-
dithiobis-(2-nitrobenzoic acid) (DNTB), propidium iodide solution
and glutathione, and these were all purchased from Merck.

Exfoliation of the nanosheets was carried out using a probe
sonicator, VCX500 (500 W, and 20 kHz). The temperature was
maintained at 25 1C. Centrifugation was performed using a
ThermoFisher Sorvall ST 8. To give nanosheets of different
sizes, the exfoliated bulk MoS2 was centrifuged, and the super-
natant was collected. This was repeated several times to obtain
supernatants containing MoS2 sheets of different sizes. Incuba-
tion and absorbance measurements at an optical density (OD)
of 600 nm were carried out using the BMG Clariostar multi-
mode microplate reader.

Preparation of MoS2 nanosheets (MNS) and MoS2 nanoflowers
(MNF)

Commercial molybdenum disulfide powders (30 mL, 5 mg
mL�1) were exfoliated by liquid-phase exfoliation and refluxing
in an ethanol : water (50 : 50) solvent system. A sonication probe
was used to exfoliate the bulk material into single/few-layered
sheets. Sheets were exfoliated for 15 min with a pulse-on/off
ratio (20 s on and 10 s off). Then 0.75 g D-(+)-glucose and 0.1 g
NaOH were added to the 30 mL solution, and the mixture was
stirred for 10 min. The resulting dispersion was refluxed in an
oil bath at 85 1C for 5 h. The refluxed sheets were then washed
with deionised water (dH2O) followed by ethanol and dried at
60 1C for 12 h. Refluxing for 1, 3, and 10 h was also performed
to determine the optimum reflux time for exfoliation. The
optimal bacterial efficiency was achieved with the 5 h reflux
period. MoS2 nanoflowers were prepared as reported.20 In
short, 0.77 g of Na2MoO4�2H2O, 1.22 g of CS(NH2)2 and 1 g of
D-(+)-glucose were solubilised in 30 mL of dH2O. The solution
was then transferred to a 100 mL Teflon-lined autoclave and
placed into an oven at 180 1C for 6 h. The system was allowed to
cool. The resulting product was thoroughly washed with dH2O
and ethanol and dried at 60 1C for 12 h.

Characterisation studies

The crystallinity and phases of the MoS2 nanostructures were
measured using powder X-ray diffraction (P-XRD) (PANalytical,
X’Pert-PRO MPD system). The chemical state of the elements on
the sample surface was determined using X-ray photoelectron
spectroscopy (XPS) (XPS Kratos AXIS ULTRA spectrometer). The
absorbance of the samples was measured with UV-visible
spectroscopy (Cary 50 spectrometer). The surface morphology
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of the nanostructures was investigated using scanning electron
microscopy (SEM) (Thermo Fisher Phenom ProX Gen 4
desktop SEM), and transmission electron microscopy (TEM)
with FEI Titan Themis Cubed G2 60–300 kV double-aberration-
corrected monochromated instrument. To assess the particle
size distribution and stability after dispersion, Zeta potential
and dynamic light scattering tests were carried out using a
liquid zeta particle size/potential analyser (DLS) (Malvern
Zetasizer Pro).

Cell preparation for biological studies

E. coli MG1655 and S. aureus RN4220 were used in this work.
For each species, a single bacterial colony was inoculated
overnight in 3 mL of LB Broth at 37 1C, shaking at 225 rpm.
The bacterial culture was diluted 1/100 (30 mL of bacterial
solution in 2970 mL LB Broth), and this was grown for 1 h at
37 1C, shaking. The bacteria were then grown to an OD600 = 0.2
(1.6 � 108 CFU). Serial dilutions were then performed to yield a
final bacterial concentration of 1.6 � 104 CFU.

Assay for antibacterial activity of MNS and MNF

Bacterial inhibition by the MNF and MNS was determined by
measuring optical density at 600 nm. The ability of these
materials to inhibit bacterial growth was investigated against
both E. Coli and S. aureus. Different concentrations of MNF and
MNS dispersions (41.25, 82.5, 165, 330 mg mL�1) were made up
in water. Then 120 mL of Broth, 13 mL of bacteria (1.6 � 104

CFU) and 67 mL of each material were added to a 96-well plate.
The plate was incubated in a Clariostar Alphascreen-

certified plate reader for 24 h at 37 1C. The plate reader read
the OD600 value of each well at 24 min intervals. Before each
reading, the plate was shaken at 300 rpm for 20 s. Control wells
were included, replacing material with sterile water. This con-
trol showed that the incubation conditions did not inhibit
bacterial growth. The OD600 values were normalised to account
for the absorbance of the MNF and MNS in the bacterial
dispersions. Inhibition assays were carried out with three
biological replicates of three technical replicates. The percen-
tage inhibition was determined using eqn (1).

Bacterial inhibition (%) = ((ODcontrol � ODsample)/ODcontrol) �
100 (1)

To assess the bacterial growth kinetics, OD600 values were
plotted against time over the 24 h incubation period. The area
under the growth curve (AUC) was calculated for each biological
replicate using the trapezoidal rule in Microsoft Excel. Lower
AUC values indicate reduced cumulative bacterial growth over
the incubation period.21

Statistical analysis was performed using Microsoft Excel.
One-way ANOVA was used to determine the effect of material
concentration on bacterial inhibition and AUC values. Two-
tailed t-tests were used for pairwise comparisons between MNS
and MNF at equivalent concentrations and, where appropriate,
between treated samples and the untreated control. Statistical
significance was defined as p Z 0.05, *p o 0.05, **p o 0.01,
and ***p o 0.001.

Membrane integrity measurement

The integrity of MNS- and MNF-treated membranes was exam-
ined using a propidium iodide (PI) assay. The PI staining was
performed according to the manufacturer’s protocol with
minor modifications.22 E. coli MG1655 were grown to 1.6 �
108 CFU mL�1. Then 0.5 mL of bacterial suspension was added
to 0.5 mL MNS or MNF dispersions (41.25, 82.5, 165, 330 mg
mL�1 final concentration). These were incubated for 4 h at
37 1C, shaking at 225 rpm. Bacterial cells were then washed
with PBS to remove excess MNS and MNF. A 1 mL PI solution
(1 mg mL�1) was added to 1 mL of the bacterial suspension,
and the mixture was incubated in the dark at room temperature
for 15 min. The samples were then read using a Clariostar
Alphascreen-certified plate reader with an excitation of 535 nm
and emission at 617 nm. Untreated bacterial cells were used as
a negative control, and cells treated with 70% ethanol for
15 min were used as a positive control.

Thiol oxidation and quantification

The thiol concentration in glutathione was determined using
the Ellman’s assay,23 following a method used to measure ROS-
independent oxidative stress in graphene-based materials.24

MNS and MNF were dispersed in 50 mM bicarbonate buffer
(pH 8.6) at a concentration of 660 mg mL�1. 225 mL of each was
added to 225 mL of reduced glutathione (GSH) solution (0.4 M
final concentration in bicarbonate buffer) in a 2 mL Eppendorf
tube. The tubes were placed in a shaker at 150 rpm for
incubation times of 2, 4, and 6 h. After incubation, 785 mL of
Tris–HCl (0.05 M) and 15 mL of DNTB (100 mM) were added.
The tubes were centrifuged at 2000 rpm to remove MNF and
MNS. The absorbance of each solution was then recorded at
412 nm. GSH solution without any added MNF/MNS was used
as a negative control. GSH (0.4 mM) oxidised by H2O2 (1 mM)
was used as a positive control. The loss of GSH was calculated
using eqn (2). This was repeated to determine the effect of the
concentration of the MNS and MNF dispersions (final concen-
trations of 330, 165, 82.5, and 41.24 mg mL�1 were employed).

% GSH loss = ((absorbance �ve control � absorbance sample)/
absorbance of �ve control) � 100 (2)

Detection of superoxide radical anion (O2
��). ROS genera-

tion was assessed using the NBT reduction assay, as previously
described, to determine ROS generation by graphene oxide.25

In short, the ROS generation was determined in extracts from
bacterial cells (E. coli and S. aureus) grown in liquid cultures. A
0.1 mL of bacterial suspension (OD600 = 1.0) was incubated with
0.1 mL of MNF/MNS dispersion at 37 1C. Material concen-
tration and incubation time were varied to determine the effect
of each parameter on O2

�� production. A volume of 0.5 mL NBT
(1 mg mL�1) was incubated for a further 30 min at 37 1C. A
volume of 0.1 mL of HCl (0.1 M) was then added to each sample
to stop the reduction of NBT. The samples were centrifuged at
3000 rpm for 10 min. The blue pellet was collected and
dissolved in 0.6 mL of DMSO and 0.8 mL of Hanks’ buffered
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salt solution. The absorbance of each sample was measured at
560 nm. Concentrations were varied with the following final MNS
and MNF concentrations (330, 165, 82.5 and 41.24 mg mL�1).
Incubation time was also varied between 2, 4 and 6 h to determine
the impact of time on O2

�� production.
Detection of hydroxy radical (OH�). A terephthalic acid assay

has previously been used to determine OH� generation by MoS2-
based material,26 and it was employed in this study. 0.5 mM of TA
in PBS buffer was incubated with different concentrations of MNF
and MNS, ranging from 41.25 to 330 mg mL�1 for 4 h. The time
dependence of MNF OH� production was also determined by
incubating 0.5 mM TA with 330 mg mL�1 for 2, 4, 6, 8 and 24 h.
Incubation was carried out at 37 1C and 225 rpm. After incuba-
tion, the MNS and MNF were removed by centrifugation. They
were then analysed using PL spectra, obtained with a Cary Eclipse
fluorescence spectrometer. All measurements were carried out in
triplicate.

Results and discussion
Characterisation of the MoS2 structures MNS and MNF

The MNS and MNF were characterised using a combination of
XRD, XPS, SEM, TEM, and UV-visible spectroscopy to provide
information on the crystallinity, chemical composition, and
morphology of both structures. The XRD patterns of MoS2

following exfoliation (s-MNS), and secondly following exfolia-
tion combined with refluxing (MNS), are shown in Fig. 1(a), and
the corresponding pattern is shown for MNF in Fig. 1(b).
Diffraction analysis was carried out using the diffraction angle
2y in the range of 10–901. The refluxed MNS exhibits more
intense, sharper peaks, indicating higher crystallinity than s-
MNS. The XRD peaks at 14.371, 28.991, 32.661, 33.481, 35.851,
39.531, 44.131, 49.771, 55.981, 58.321, 60.121, 60.411 can be
attributed to the characteristic crystallographic planes found
in the hexagonal phase of MoS2 namely (002), (004), (100),
(101), (102), (103), (006), (105), (106), (110), (008), (112), respec-
tively. The phases of both the s-MNS and MNS were identified
as hexagonal structures with the P63/mmc space group.27 In
contrast, the MNF data show much broader, less-defined peaks,
Fig. 1(b). This is caused by the amorphous arrangement of the
material, scattering the X-rays in many different directions. In
particular, the broad peak centred around 20–301 is consistent
with amorphous or poorly crystalline molybdenum oxide, sug-
gesting the presence of some molybdenum oxide phases in the
MNF. Similar XRD patterns have been observed in other
hydrothermally synthesised MNF reported for a number of
applications.28,29

The UV-vis absorption plots shown in Fig. 1(c) compare the
optical properties of the three MoS2 structures, MNF, MNS, and
s-MNS, over the wavelength range 200 to 800 nm. The samples
were dispersed in an EtOH : H2O solution (50 : 50, 1 mg mL�1)
for 30 min. In Fig. 1(c), both s-MNS and MNS show distinct
absorbance bands at 620 and 682 nm. These absorbance
bands are characteristic of 2D exfoliated MoS2 nanosheets,
corresponding to direct transitions between the valence and

conduction bands in the Brillouin zone.30 Less distinct absorp-
tion bands are seen at 403 and 498 nm. These excitons arise
from the direct electronic transitions near the M point of the
Brillouin zone. These have been associated with smaller lateral-
size nanosheets, due to their increased sensitivity to edge and
confinement effects.31 Interestingly, the MNS showed a B90%
increase in absorbance at these bands. This indicates a
higher concentration of few-layered nanosheets compared to
the s-MNS sample, which contains more bulk MoS2. These
absorption bands are largely absent in the UV-Vis
spectra of MNF, indicating that this material lacks the 2D
sheet-like nature of the MNS samples. For the most part, the
spectrum of MNF is featureless. However, it has strong bands
below 250 nm. Absorption in this region is characteristic of
MoO3.32

The XPS data were used to determine the oxidation state of
the elements (Mo, S, O) present at the surface of both the MNS
and MNF samples. Fig. 2 compares the Mo 3d, S 2p and O 1s
XPS spectra of both samples. The MNS Mo 3d spectrum has two
prominent peaks at 229.6 and 232.9 eV corresponding to Mo4+

3d5/2 and 3d3/2, respectively. This spectrum also has two minor
peaks at 233.8 and 236.7 eV corresponding to Mo6+ 3d5/2

Fig. 1 XRD plots of (a) s-MNS (exfoliated MoS2 sheets), MNS (refluxed
following exfoliation) and JCP of MoS2, (b) hydrothermally synthesised
MoS2 flowers and (c) UV-visible spectra for MNF, MNS and s-MNS.
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and 3d3/2. These peaks arise from some partial oxidation of Mo
in MoS2. When comparing this spectrum to that of MNF, it
includes two additional peaks corresponding to Mo5+ 3d5/2 and
3d3/2. There is a 0.9 to 1.1 eV shift of the Mo6+ and Mo4+ peaks
to a lower binding energy caused by the presence of the
intermediate Mo5+ state, leading to a change in the electron
density around Mo. Similar shifts were seen in other MoO3@
MoS2 heterostructures.33 Both spectra also have a peak corres-
ponding to S 2s at 227.1 and 225.9 eV, respectively, consistent
with previous reports. The S 2p spectrum of MNS shows
prominent peaks at 162.5 and 163.8 eV, corresponding to S2�

S 2p3/2 and S 2p1/2, respectively. These peaks confirm the
presence of MoS2. There are also two small peaks at 233.8
and 236.7 eV, corresponding to oxidised sulfur from air expo-
sure. The S 2s spectra for the MNF sample show the prominent
S2� S 2p3/2 and S 2p1/2 peaks at 161.4 and 162.5 eV, showing
that MoS2 is also present in this sample. However, it has more
prominent peaks corresponding to oxidised sulfur at 168.2 and
169.4 eV. These peaks indicate that some sulfur is present as
SO4

2�. There are also two peaks corresponding to sulfur in the
form of thiols at 163.5 and 164.7 eV. These peaks can be
attributed to thiol groups from the sulfur precursor used in
the hydrothermal synthesis. When comparing the O 1s spectra
of the MNS and MNF samples, they both have lattice oxygen
peaks at 532.2 and 531.2 eV, respectively. The MNF peak has a
significantly higher intensity than the MNS peak, indicating
increased oxygen content at the MNF surface due to the
formation of molybdenum oxide species.

The surface morphologies of MNS and MNF samples were
examined using SEM and TEM, and these micrographs are
shown in Fig. 3 and 4, respectively. The higher resolution SEM
micrographs in Fig. 3(a) and (b) show the morphology of
the MNS and MNF, respectively. The MNF structures appear
as particles aggregated into feathery, hierarchical clusters
resembling snowflakes or nanoflowers. These form three-
dimensional architectures with high surface roughness, con-
sistent with hydrothermal synthesis. On the other hand, the
MNS show the presence of sheets, revealing flatter, thinner
structures with sharply defined edges, typical of exfoliation
processes. The lower-resolution images in Fig. 3(c) and (d)
depict hydrothermally formed MoS2 as a dense network of
flower-like clusters with high interconnectivity, while the
monolayer-like sheets are arranged in a more planar, partially
restacked configuration, indicating successful exfoliation. The
TEM images presented in Fig. 4 reveal clear differences in the
morphology and crystallinity of MNS and MNF. As shown in
Fig. 4(a), the MNF displays sponge-like crumpled networks. In
Fig. 4(b), the edge-on view of the MNF is visible in the inset,
while the selected-area electron diffraction (SAED) shows a
diffuse, ring-like pattern rather than discrete Bragg spots. The
absence of well-defined reflections suggests that the MNF has
poor crystallinity or consists of small crystallites within the
amorphous regions. In contrast, the TEM image of the MNS
reveals sharp edges that are clearly shown in Fig. 4(c), while the
higher resolution image depicted in Fig. 4(d) shows thin,
transparent sheets with irregular, faceted edges and wrinkled

Fig. 2 XPS data recorded for MNS (a) Mo 3d, (b) S 2p, and (c) O 1s and MNF (d) Mo 3d, (e) S 2p and (f) O 1s.
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surfaces, consistent with few-layered MoS2 nanosheets. The
micrograph in Fig. 4(e) shows the MNS with a rippled appear-
ance. The parallel fringes indicate high crystallinity, with
regions of varying contrast suggesting a few-layer thickness
of the MoS2 sheets. The corresponding SAED pattern
(Fig. 4(f)) indicates the characteristic hexagonal symmetry,
confirming the crystalline nature of the MoS2 nanosheets.
Well-defined diffraction spots corresponding to the (100),

(110), and higher-order planes of the hexagonal 2H MoS2 phase
are clear. This is indicative of a few-layer stacking without
significant defects or phase impurities and is consistent with
other reported MoS2 nanosheets.34

To gain further insight into the nature of the MNS and MNF,
dynamic light scattering and Zeta potential measurements were
carried out, and the corresponding data are summarised in
Fig. 5. In this study, four MNS families with sheets of different
sizes were employed, as outlined in Table 1. Particle size
analysis showed that the MNS size isolation successfully pro-
duced sheets of various sizes. This is illustrated in Fig. 5(a),
where further centrifugation results in smaller MNS sheets. The
MNF were found to have an average size of 691 nm, which
compares well with the size of the MNS sheets following three
to four centrifugation steps. As shown in Fig. 5(b), the MX MNS
sample exhibited a much greater variation in size, which was
expected because it included all sizes. In contrast, the poly-
dispersity index improved as the sizes were isolated. The first
isolate had the poorest polydispersity (0.357) with a large
deviation (0.147). The polydispersity index decreases as the
sheet size decreases, with isolate 4 having a narrow size
distribution (PDI = 0.158). The MX MNS has the largest size
distribution (PDI = 0.502). MNF showed a narrow size distribu-
tion (PDI = 0.236). The values for MNF and MNS (2, 3 and 4) fall
within the range generally considered acceptable for nanopar-
ticle suspensions (o0.3).35 Typically, nanoflowers display
slightly higher heterogeneity than nanosheets, consistent with
their more complex morphology.36 Zeta potential analysis was
used to determine the surface charge of the nanostructures in
dispersion. After the removal of the MNS isolate 1, the other
MNS samples showed a zeta potential between �27.17 and

Fig. 3 SEM images (a) and (c) of MNF and (b) and (d) of MNS at different
resolutions.

Fig. 4 TEM analysis of MNS and MNF (a) MNF image, (b) MNF SAED pattern, (c)–(e) MNS images at different resolutions, (f) MNS SAED pattern.
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�29.38 mV. MNF demonstrated a zeta potential of �23.57
(RSD = 4.244). MNS indicates superior stability in dispersion,
as zeta potentials in the vicinity of �30 mV are indicative of
strong electrostatic repulsion.37 The MX and 1st isolate exhibit
a lower surface charge. This is consistent with previous studies
where bulk MoS2 has a less negative surface charge than few-
layered, exfoliated sheets.38 The lower zeta potential of MNF
indicates a higher risk of nanoflower aggregation and reduced
colloidal stability. These PDI and zeta potential values
imply that MNS (second, third and fourth isolates) have better
dispersibility in biological media. To determine whether

nanosheet size influenced antibacterial activity, the mixed
MNS sample (MX) and each size-isolated fraction were incu-
bated with E. coli and S. aureus at 330 mg mL�1. The resulting
bacterial inhibition is shown in Fig. 5(d). Although isolate 2
exhibited the greatest mean inhibition against both bacterial
strains, one-way ANOVA indicated that nanosheet size signifi-
cantly influenced antibacterial activity only against E. coli
(p = 0.018), whereas no significant effect was observed for S.
aureus (p = 0.367). Planned pairwise comparisons between the
mixed-size sample and each isolated fraction using two-tailed
t-tests did not identify any statistically significant differences
(p 4 0.05). The average bacterial growth kinetics for the mixed-
size sample and each isolated nanosheet fraction are shown in
Fig. 5(e) and (f). Consistent with the endpoint inhibition
measurements, Isolate 2 produced the greatest delay in bacter-
ial growth for both E. coli and S. aureus, whereas the remaining
isolates produced similar growth profiles. To quantify cumula-
tive bacterial growth over the entire incubation period, the area
under the growth curve (AUC) was calculated (Fig. 5(g) and (h)).
AUC analysis showed a progressive reduction in cumulative
bacterial growth for the isolated nanosheets relative to the

Fig. 5 (a) sheet size, (b) polydispersity, (c) zeta potential and (d) bacterial growth (e) bacterial growth kinetics of E. coli MG1655 (f) bacterial growth
kinetics of S. aureus RN4220 (g) and (h) are under the growth curve (AUC) as a function of processing using centrifugation (Table 1).

Table 1 Size separation conditions employed for MNS, where MX refers
to mixed sizes

Sample isolate Centrifugation speed (rpm) Centrifugation time (min)

MX 0 0
1 1000 10
2 2000 10
3 3000 10
4 4000 10
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mixed sample, with isolate 2 exhibiting the lowest mean AUC
for both bacterial species. However, pairwise comparisons
between the mixed-size sample and each isolated fraction did
not reveal statistically significant differences (p 4 0.05), indi-
cating that although size isolation altered the average antibac-
terial response, no individual isolate produced significantly
greater cumulative growth inhibition than the mixed-size sam-
ple under the conditions investigated. As isolate 2 exhibited the
highest mean antibacterial activity, it was selected for all
subsequent experiments.

Antibacterial activity of MNS and MNF dispersions. As
shown in Fig. 6, MNS exhibited concentration-dependent inhi-
bition of both E. coli and S. aureus, whereas MNF exhibited
strong inhibition of S. aureus but comparatively limited inhibi-
tion of E. coli. In Fig. 6(a), the inhibition of E. coli by both MNS
and MNF is shown. MNS shows a concentration-dependent
inhibition, inhibited by 50.79% after 24 h of incubation at
330 mg mL�1. On the other hand, MNF shows a more limited
inhibition of E. coli across all concentrations, with inhibition
increasing from 5.55% to 22.08% as the MNF concentration

Fig. 6 Antibacterial activity of MNS and MNF against (a) E. coli and (b) S. aureus growth inhibition as a function of concentration of MNS and MNF
following 24 h incubation. Growth kinetics of (c) E. coli treated with MNS, (d) S. aureus treated with MNS, (e) E. coli treated with MNF, and (f) S. aureus
treated with MNF. Area under the bacterial growth curves (AUC) for (g) E. coli treated with MNS, (h) S. aureus treated with MNS, (i) E. coli treated with MNF,
and (j) S. aureus treated with MNF. Data are presented as mean � SD (n = 3).
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increases from 20.62 to 330 mg mL�1. In Fig. 6(b), the inhibition
of S. aureus by both MNS and MNF is shown. As MNS concen-
tration increases from 20.6 to 330 mg mL�1, bacterial inhibition
increases from 1.75 to 43.52%. Inhibition during incubation
with MNF increases from 2.93 to 65.52%. One-way ANOVA
demonstrated a significant effect of concentration on bacterial
inhibition within each material. MNS showed statistically sig-
nificant inhibition of both E. coli (p o 0.0001) and S. aureus
(p o 0.0001). MNF showed statistically significant inhibition of
S. aureus (p o 0.0001), but non-significant inhibition of E. coli
(p 4 0.05). Two-sample t-tests were performed to compare the
antibacterial activity of MNS and MNF at each concentration.
Significant differences were observed at 165 and 330 mg mL�1

against E. coli (p o 0.05) and at 82.5 and 330 mg mL�1 against
S. aureus (p o 0.05).

The average bacterial growth kinetics of MNS- and MNF-
treated cultures over 24 h are shown in Fig. 6(c–f). The absor-
bance at 600 nm (OD600) is proportional to bacterial cell
concentration over a limited linear range.39 Fig. 6(c) shows that
increasing concentrations of MNS prolong the lag phase of
E. coli, with the highest concentrations delaying the onset of
exponential growth relative to the untreated control. MNS
similarly prolonged the lag phase of S. aureus as shown in
Fig. 6(d). The addition of MNF at increasing concentrations
successfully prolonged the lag phase of S. aureus (Fig. 6(f)). In
contrast, increasing concentrations of MNF produced only a
modest delay in E. coli growth (Fig. 6(e)), indicating a substan-
tially weaker effect on early bacterial proliferation than that
observed for MNS.

While the growth curves qualitatively demonstrate delayed
bacterial proliferation, area under curve (AUC) analysis pro-
vides a quantitative measure of cumulative bacterial growth
throughout the incubation period. Unlike endpoint inhibition
measurements, AUC incorporates the entire bacterial growth
profile, providing a quantitative assessment of both delayed
growth and reduced final biomass. Lower AUC values indicate
that bacterial growth was suppressed over the entire experi-
ment rather than only at the endpoint. AUC was calculated to
determine the cumulative effect of MNS and MNF on bacterial
growth. The AUC analysis for the growth curves is shown in
Fig. 6(g)–(j). Both MNS and MNF reduced the AUC relative to
the untreated control, indicating suppression of cumulative
bacterial growth throughout the incubation period. One-way
ANOVA revealed a significant effect of concentration on the
AUC within each material. MNS showed high significance with
both E. coli (p o 0.0001) and S. aureus (p o 0.0001). MNF
showed statistically significant AUC change of S. aureus
(p o 0.0001), and a less significant change with E. coli
(p o 0.05). Two-sample t-tests were performed to compare
the AUC for each concentration of MNS and MNF to that of
the untreated control. Pairwise comparisons demonstrated that
reductions in AUC became progressively more significant as
material concentration increased. These reductions in AUC are
consistent with the observed growth kinetics, where increasing
material concentrations prolonged the lag phase and reduced
cumulative bacterial proliferation. Direct comparison of the

AUC values for MNS and MNF demonstrated no significant
difference against E. coli (p 4 0.05), whereas significant differ-
ences were observed against S. aureus at 41.25 mg mL�1

(p o 0.001) and 82.5 mg mL�1 (p o 0.05). The concentration-
dependent reduction in AUC closely reflected the inhibition
data presented in Fig. 6(a) and (b), demonstrating that the
increased endpoint inhibition resulted from sustained suppres-
sion of bacterial growth throughout the incubation period
rather than only at the final time point.

Control experiments were carried out to account for any
antimicrobial activity that could be caused by the presence of
molybdate and thiol species in the MNF structure. Neither of
these impurities showed any significant inhibition of E. coli or
S. aureus after 24 h. With this control, it can be concluded that
the difference in antimicrobial activity derives primarily from
morphological differences rather than from the slight differ-
ence in chemical composition.

Antibacterial mechanism of MNS and MNF. To investigate
how MNS and MNF inhibit bacterial growth, different oxidative
stress-mediated mechanisms were explored. Oxidative stress
can result from the generation of reactive oxygen species (ROS)
by nanomaterials. ROS-independent oxidative stress can also
occur, involving nanomaterials that disturb or oxidise vital
cellular components without generating ROS.

Firstly, a PI assay was performed to detect any membrane
damage caused by the MNS and MNF treatments, as PI can only
penetrate bacterial cells with compromised membranes.40 The
fluorescent intensity (RFU) was measured for MNS- and MNF-
treated cells along with untreated cells (negative control) and
70% ethanol treated cells (positive control).41 There was no
increase in RFU for MNS- or MNF treated cells (31.2 and 27.4
RFU, respectively) when compared to the negative control (46
RFU). The positive control (265.5 RFU) demonstrated increased
fluorescence. These findings suggest that the treatment did not
cause significant membrane damage in either bacterial strain.
The TEM images (Fig. 4) show folding within the structure,
implying pliability in MNS that is not seen in MNF. The high
surface area of MNS produces significant van der Waals forces,
which can overcome any weak electrostatic repulsion between
bacterial cells (surface charge B �15.0 mV) ((E. coli) and �30.0
mV (S. aureus))42 and MNS (surface charge B �28 mV). MNF
will not have the same strength of van der Waals forces due to
its lack of well-defined crystallographic basal planes. The lack
of observed membrane damage, coupled with the more sig-
nificant inhibition by the MNS, aligns well with the previously
reported wrapping/trapping physical mechanism.16

Ellman’s assay. Glutathione oxidation was used to investigate
the potential for ROS-independent oxidative stress. An Ellman’s
assay was employed to quantify GSH oxidation. GSH is a
tripeptide with thiol groups. These thiol groups can be oxidised
to disulfide, converting glutathione to glutathione disulfide.
GSH acts as an antioxidant in bacterial cells, safeguarding
cellular components from oxidative stress-induced damage.43

Both MNS and MNF were incubated with GSH, and an Ellman’s
assay was used to determine GSH oxidation. GSH incubated
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with bicarbonate buffer (50 mM, pH 8.6) and H2O2 (1 mM) were
used as a negative and positive control, respectively. The
negative control demonstrated that incubation conditions
and experimental method did not cause any GSH oxidation.
Both MNS and MNF demonstrated a strong oxidation capacity
that was dependent on both material concentration and incu-
bation time, as illustrated in Fig. 7. MNF had a more immediate
effect on GSH concentration. After 2 h incubation, MNF (330 mg
mL�1) had reduced GSH concentration by over 70%, whereas
MNS (330 mg mL�1) had only oxidised 50% of the GSH. Both
MNF and MNS showed increased GSH oxidation as incubation
time increased. After 6 h incubation, MNF and MNS oxidised
81.2% and 84.8%, respectively. Both MNS and MNF morphol-
ogies exhibited increasing oxidation capacity as concentration
increased. MNF had a slightly stronger oxidation capacity at
lower concentrations, with a 5% difference seen at 41.25, 82.5
and 165 mg mL�1. However, at 330 mg mL�1, both materials
exhibited very similar oxidation capacities of approximately
90%. The time- and concentration-dependent nature of GSH
oxidation is consistent with the antimicrobial activity of the
MNS and MNF, as seen in Fig. 6. The strong ability of the MNS
and MNF to oxidise glutathione illustrates their capacity to
oxidise thiols and cellular components, which can cause bac-
terial death/inhibition.

Nitroblue tetrazolium assay. NBT is a commonly used assay to
detect the presence of the superoxide radical (O2

��).44 Super-
oxide radicals are naturally produced by bacterial cells (E. coli
and S. aureus) during their normal metabolic processes. How-
ever, when the concentration of these radicals accumulates
beyond what the bacterial cells can manage due to oxidative
stress, caused by external stressors, the excess ROS can damage
cellular components such as lipids and proteins, causing
cellular death.45 An NBT assay was used to determine the ability
of MNS and MNF samples to produce O2

��. In the presence of
O2
��, the NBT in solution is reduced to form an NBT formazan,

which is insoluble and can be collected as a blue precipitate.
DMSO was then used to solubilise the formazan, and its
absorption was measured at 560 nm. The ability of MNS and
MNF to reduce NBT by producing O2

�� was investigated by

varying incubation time and material concentration. This
superoxide measurement was performed by incubating both
materials with E. coli and S. aureus. NBT was incubated with
bacteria alone to determine how much of the superoxide
detected was produced during natural cellular processes.
Fig. 8(a) shows the effect of incubation time on O2

�� produc-
tion. After incubation for 2 and 4 h, MNF (330 mg mL�1) showed
a greater ability to produce superoxide. Superoxide concen-
tration detected in both the MNS (330 mg mL�1) and MNF
samples decreased slightly from 4 to 6 h. This is likely due to
the degradation of superoxide over time, by spontaneous dis-
mutation or enzymatic breakdown caused by bacteria-produced
superoxide dismutase (SOD). Both of these pathways have been
shown to allow bacterial cells to control O2

�� concentrations.46

The superoxide concentration in both controls (E. coli and S.
aureus) increased over time, and the differential (between the
materials and the control) superoxide production was greatest
at 2 or 4 h. Fig. 8(b) shows the effect of material concentration
of O2

�� produced. As seen with GSH oxidation, increased
concentration led to increased O2

�� production. MNS showed
a much more significant concentration-dependent increase in
O2
�� production compared to that of MNF. Fig. 8(c) and (d)

show the O2
�� generation in the S. aureus. The same trends in

incubation time and concentration increase are observed. The
O2
�� levels are significantly lower in the S. aureus

bacterial model.

Terephthalic acid assay. Terephthalic acid is commonly used
to effectively detect the hydroxyl radical. Terephthalic acid (TA)
itself is non-fluorescent, but when it reacts with hydroxyl
radicals (OH�), it forms 2-hydroxyterephthalic acid (TAOH),
which is strongly fluorescent.47 The presence of TAOH is
indicated by its characteristic fluorescent peak at approximately
405 nm. This assay is reliable for the detection of OH� as TAOH
cannot be oxidised by other ROS, which could be generated by
MNS and MNF. Fig. 9(a) shows that MNS did not generate
OH� radicals as the terephthalic acid remained unchanged,
and fluorescence was not observed. However, MNF did
generate OH�. The generation of OH� by MNF is shown to be
concentration dependent, as highlighted in Fig. 9(b). MNF

Fig. 7 GSH oxidation as a function of (a) incubation time for 330 mg mL�1 MNS and MNF and (b) concentrations of MNS and MNF following a 4 h
incubation period.
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demonstrated a rapid generation of OH�, with fluorescent
intensity reaching 72.73 after 2 h. There was a small increase
to 77.50 after 8 h, and 89.89 after 24 h (Fig. 9(c)). Similar OH�

generation has been observed in other defect-rich Mo-based
nanostructures, such as Mo-QD.26 MNF contains a combination
of Mo oxidation states, making it a suitable candidate for OH�

generation. This combination has been shown to enable cata-
lytic redox cycling,48 which could catalyse the formation of OH�

from dissolved O2.

A three-step antibacterial mechanism has been proposed
for carbon-based nanomaterials, which consists of (i) direct
contact with the bacteria and nanomaterial, (ii) an intimate
membrane disruption and then (iii) further disruption of
specific bacterial processes by oxidising cellular com-
ponents.24 It has been reported that bacterial inhibition by
MoS2 morphologies in the absence of light activation is
more dependent on direct membrane interaction and GSH
oxidation than on ROS-dependent oxidative stress.49 The MNS

Fig. 9 TA assay results (a) Fluorescence spectra for the TA assay in the presence of concentrations of MNF and 330 mg mL�1 MNS with the excitation
wavelength at 315 nm, and fluorescent intensity of the TA assay in the presence of MNF as a function of (b) the concentrations of MNF, and, (c) incubation
time (330 mg mL�1 MNF).

Fig. 8 NBT Formazan optical density measurements as a function of (a) incubation time for 330 mg mL�1 MNS and MNF with E. coli, (b) concentration of
MNS and MNF with E. coli following 2 h incubation, (c) incubation time for 330 mg mL�1 MNS and MNF with S. aureus and (d) concentration of MNS and
MNF with S. aureus following 2 h incubation.

Journal of Materials Chemistry B Paper



J. Mater. Chem. B This journal is © The Royal Society of Chemistry 2026

demonstrates a significant dependence on GSH oxidation,
accompanied by some ROS generation, which supports a
physical wrapping or trapping mechanism. The inhibition
mechanism of MNF relies exclusively on oxidative stress,
mediated by glutathione oxidation and the generation of multi-
ple reactive oxygen species (ROS). This is illustrated more
clearly in Scheme 1.

Conclusion

The comparative analysis of MNS and MNF reveals several
distinct differences in the morphology, composition and anti-
bacterial activity between the nanostructures. XRD and TEM
analyses confirmed that MNS exhibit a crystalline structure,
whereas MNF exhibit a largely amorphous structure. XPS
revealed differences in chemical composition between MNS
and MNF, highlighting slight oxidation in MNS and the
presence of Mo5+ in MNF. SEM and TEM analysis confirmed
the morphological differences between MNS and MNF. DLS
and Zeta potential measurements demonstrated smaller size,
greater uniformity, and greater dispersibility of MNS, high-
lighting their superior dispersibility.

Biological assays demonstrated that both MNS and MNF
possess antibacterial activity against E. coli (Gram-negative) and
S. aureus (Gram-positive), with efficacy dependent on both
concentration and morphology. MNS exhibited greater antibac-
terial activity against E. coli, whereas MNF showed enhanced
activity against S. aureus. Significant differences between the
two morphologies were observed at selected concentrations,
demonstrating that morphology influences antibacterial per-
formance in a species-dependent manner. Growth kinetic
analysis further demonstrated that increasing material concen-
tration prolonged the bacterial lag phase and suppressed
bacterial proliferation. This was supported by area under the
growth curve (AUC) analysis, which confirmed that higher
material concentrations reduced cumulative bacterial growth

throughout the incubation period rather than only at the
experimental endpoint.

Mechanistic investigations using Ellman’s and NBT assays
indicate that both nanostructures generate oxidative stress
through ROS-dependent and ROS-independent pathways, with
MNF producing more immediate effects and MNS displaying
sustained oxidative capacity over time.

The findings in this study suggest that the antibacterial
properties of MoS2-based structures can be optimised by mod-
ifying morphology, crystallinity and chemical composition.
Tuning these properties allows for targeted antibacterial appli-
cations. The performance difference between the prepared
MNS and MNF illustrates the importance of nanostructure
design in developing nanomaterial-based antimicrobials to
combat antimicrobial resistance.
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