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synthesis of silver and copper
coordinated chlorine functionalized fullerene
nanoparticles with enhanced antibacterial activity†

Abed Alqader Ibrahim, a Tariq Khan,a Kyle Nowlin,a Jared Averitt,a Gayani Pathiraja,a

Dennis LaJeunesse, a Sherine O. Obare*a and Anthony L. Dellinger *abc

Nanoparticle modification demonstrates a remarkable synergetic effect in combating bacteria, particularly

resistant bacteria, enhancing their efficacy by simultaneously targeting multiple cellular pathways. This

approach positions them as a potent solution against the growing challenge of antimicrobial-resistant

(AMR) strains. This research presents an investigation into the synthesis, characterization, and

antibacterial evaluation of silver-coordinated chloro-fullerenes nanoparticles (Ag-C60-Cl) and copper-

coordinated chloro-fullerenes nanoparticles (Cu-C60-Cl). Utilizing an innovative, rapid one-step

synthesis approach, the nanoparticles were rigorously characterized using X-ray Photoelectron

Spectroscopy (XPS), Scanning Electron Microscopy-Energy Dispersive X-ray Spectrometer (SEM-EDS),

High-Resolution Transmission Electron Microscopy (HR-TEM), Fourier-Transform Infrared Spectroscopy

(FTIR), and Raman spectroscopy. In conjunction with the analytical techniques, a computational

approach was utilized to corroborate the findings from Raman spectroscopy as well as the surface

potential of these nanoparticles. Moreover, the antibacterial activities of the synthesized nanoparticles

were assessed against Escherichia coli (E. coli) and Methicillin-Resistant Staphylococcus aureus (MRSA).

These findings demonstrated that the synthesized Ag-C60-Cl and Cu-C60-Cl nanoparticles exhibited

minimum inhibitory concentrations (MIC) of 3.9 mg mL−1 and 125 mg mL−1, respectively. Reactive oxygen

species (ROS) quantification, catalase assay, and efflux pump inhibition results revealed promising broad-

spectrum antibacterial effects.
Introduction

Antimicrobial resistance (AMR) presents a signicant challenge
to global public health, resulting in 1.27 million mortalities
worldwide and was associated with nearly 5 million deaths in
2019.1 In the US, antibiotic resistance is present in more than
2.8 million infections each year.2 Overprescription of antibi-
otics, their widespread use in agriculture, and the lack of new
antibiotics have all contributed to the rapid development of
AMR.3,4 In the contemporary landscape of healthcare, where
repeated drug administrations, escalated doses and a dearth of
stewardship are commonplace, AMR has surfaced as a formi-
dable challenge. This issue is particularly problematic and
noticeable for a variety of antibiotic classes that have histori-
cally been effective in preventing infections caused by
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
pathogenic microorganisms.5 Nanomaterials excel as drug
carriers due to their exceptional drug loading capacity, preci-
sion in controlled and targeted drug delivery, and enhanced
drug bioactivity. These features position nanomaterials as an
ideal platform for drug delivery, enabling controlled release of
therapeutic agents and signicantly enhancing their pharma-
cological effectiveness.6–8

The properties, behaviors, and potential utility of carbon-
based nanomaterials, including carbon nanotubes, fullerenes,
and graphene, have been extensively investigated for more than
two decades. These materials have undergone comprehensive
scrutiny, emerging as multifunctional materials with substan-
tial potential in numerous biomedical applications.9 Fullerene
molecules, also known as buckyballs can exist in various
arrangements, commonly including C60, C70, and other
congurations where the number of carbon atoms ranges from
20 (C20) to over 300. The surface of a C60 fullerene is distin-
guished by the arrangement of 20 hexagons and 12 pentagons,
wherein all rings are intricately fused, and the double bonds
display conjugation throughout the structure.10 The C60 fuller-
enes have molecular stability and higher degree of symmetry
compared to other fullerene molecules. The symmetry and
consistent overall curvature of the C60 fullerene provides more
Nanoscale Adv., 2024, 6, 5833–5852 | 5833
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uniform properties and reactive sites which allow for greater
control, uniformity and predictability during functionalization.
In contrast, C70 fullerenes have a more prolate spheroid shape,
where the reactivity and accessibility can vary between the
molecular poles and equatorial regions.

Numerous studies have elucidated the potential biomedical
applications of carbon-based nanomaterials, including their
therapeutic efficacy in addressing neurodegenerative diseases,
their role as inhibitors for nitric oxide synthase, and their
capacity as agents for DNA cleavage.11–13 These nanoparticles
have also shown promise as drug carriers.14

Recent research has shown a growing interest in multi-
functional antimicrobial composites, where the synergistic
enhancement of antimicrobial characteristics is achieved
through the combination of two independent components.15

Studies have been conducted to clarify the implications of
combining fullerenes with various metals such as silver,16

gold,17 and iron,18 investigating the cooperative interactions and
potential applications of these composites.

In a study by Brunet et al., the role of reactive oxygen species
(ROS) in the antibacterial activity of several photoactive nano-
materials were investigated using the model bacterium Escher-
ichia coli (E. coli). Different types of fullerenes including
aggregates, hydroxylated, and coated as well as nano-TiO2

suspensions were evaluated. The results showed that both C60

fullerenes and TiO2 nanoparticles exhibit strong antibacterial
activity through ROS generation. While C60 fullerenes demon-
strated comparable antibacterial effectiveness to TiO2, they
were more versatile, remaining effective under a broader range
of light conditions, including visible light.19,20 In other research,
Kawasaki et al. demonstrated the effective elimination of
bacteria via photodynamic activation of fullerene derivatives
incorporated into liposome membranes.21

In this study, a rapid one-step procedure for synthesizing
silver-coordinated chloro-fullerenes nanoparticles (Ag-C60-Cl)
and copper-coordinated chloro-fullerenes nanoparticles (Cu-C60-
Cl) was obtained. Ag-C60-Cl and Cu-C60-Cl over Ag-C60 and Cu-C60

were selected and evaluated to enhance the antibacterial activity
of the nanoparticles. The incorporation of chlorine as functional
groups increased surface reactivity, allowing for stronger inter-
actions with bacterial membranes. Silver and copper were
selected due to their well-established antimicrobial properties.
The coordination of these metals with chlorinated fullerenes
amplies these effects, making them potent agents against
Gram-positive and Gram-negative bacteria. The antibacterial
activity of the nanoparticles was evaluated against E. coli and
Methicillin-resistant Staphylococcus aureus (MRSA).

Experimental
One-step synthesis of Ag-C60-Cl and Cu-C60-Cl nanoparticles
via a facile sonication-assisted method

The synthesis of Ag-C60-Cl nanoparticles was conducted;
accordingly, 5 mg of C60 fullerene (99.95+% SES research) was
dissolved in 5 mL of chloroform (anhydrous,$99%, Sigma) and
sonicated for 10 minutes using a bath sonicator. Subsequently,
2 mL of a 2 M AgNO3 (ACS reagent, $99.0%, Sigma) solution
5834 | Nanoscale Adv., 2024, 6, 5833–5852
was added dropwise to the C60 solution while continuously
probe sonicated for an additional 10 minutes. The resulting
mixture underwent centrifugation, followed by three washes
with deionized water to remove any residual reactants as shown
in Fig. 1. The obtained Ag-C60-Cl nanoparticles were then dried
for further testing.

The same procedure was employed for the preparation of Cu-
C60-Cl nanoparticles. In this synthesis, 5 mg of C60 fullerene was
dissolved in 5 mL of chloroform and sonicated for 10 minutes.
Following this, 2 mL of a 2 M Cu(II) nitrate ($99.9% trace metals
basis) solution was added dropwise to the C60 solution during
probe sonication for an additional 10 minutes. The subsequent
steps, including centrifugation, washing, and drying, mirrored
those employed in the Ag-C60-Cl synthesis.
Characterization

X-ray photoelectron spectroscopy (XPS). XPS was conducted
on a Thermos Scientic™ K-Alpha™+ spectrometer equipped
with a monochromatic Al Ka X-ray source (1,486.6 eV) operating
at 100 W to obtain the elemental compositions. Samples were
analyzed under vacuum (P < 10−7 mbar) with a pass energy of
200 eV for survey scans or 30 eV for high-resolution scans. All
peaks were calibrated with C 1s peak binding energy at 284.8 eV
for adventitious carbon. Drop-casted samples on a Si wafer were
used to obtain the micro elemental compositions and were
matched with the XPS elemental survey analysis.

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS). SEM/EDS analysis was performed to
analyze nanoparticle morphologies using a JEOL JSM-IT800
FESEM with Oxford Ulti Max EDS. X-ray data was acquired at
15 kV in low vacuum mode with a chamber pressure of 50 Pa.
Electron micrographs were generated utilizing a low vacuum
backscattered electron detector (LVBED). The bacterial samples
for SEM imaging were prepared using a modied xation
protocol based on standard procedures.22 A glutaraldehyde-
formaldehyde mixture (Karnovsky's xative) was used for
primary xation to preserve cellular morphology. Briey, the
bacteria were treated with the nanoparticles at the MIC
concentrations and incubated for 2–4 hours. The samples were
rinsed several times in phosphate-buffered saline (PBS) to
remove excess xative and nanoparticles followed by immersing
the samples with the xation solution for 1–2 hours. The
bacteria were then centrifuged and washed several times with
0.1 M cacodylate buffer, pH 7.4. A gradual dehydration series
was performed using increasing concentrations of ethanol
(35%, 50%, 95%, and 100%). Following the dehydration step,
the bacterial suspension was deposited onto clean Si wafer for
further imaging. Centrifugation was employed during the
rinsing and dehydration steps to ensure proper pelleting of
bacterial cells. A low-speed centrifugation (4000 RCF for 5
minutes at room temperature) was used to avoid potential
damage to the bacterial cells.

Raman spectroscopy. Raman spectra were recorded on
a Renishaw System 2000 (with an integral microscope) using
excitation radiation at 514 nm from an Ar+ ion laser (Spec-
traphysics model 236C).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation for the synthesis of the nanoparticles.
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Fourier-transform infrared spectroscopy (FTIR). FTIR
spectra were obtained using an Agilent 670 FTIR Spectrometer
w/ATR to further conrm the molecular functionalization.
Samples were analyzed directly, with air used as the blank.

High-resolution transmission electron microscopy (HR-
TEM). The high-resolution transmission electron microscopy
(HR-TEM) operated at an accelerating voltage of 80 kV from
JEOL 2100PLUS with a STEM/EDS capability was used to
examine the morphology and crystallinity of nanostructures
dispersed in deionized water.

Antimicrobial activity studies

All microbiological experiments were performed in triplicates,
and the results are expressed as mean values with the standard
error of the mean (SEM) included for statistical accuracy.

Disc diffusion assay

The disc diffusion method was used to evaluate the antimicro-
bial activity of Ag-C60-Cl and Cu-C60-Cl nanoparticles against
wild-type E. coli (BW25113) and MRSA (BAA-1720). This method
was performed in Luria–Bertani (LB) medium solid agar Petri
dish. The discs were cut into a sterile Whatman No. 1 paper disc
shape with a diameter of 6 mm, sterilized by autoclaving for 15
minutes at 70 °C and placed on E. coli cultured agar plate and
MRSA cultured agar plate, loaded with 10 mL of different
concentration of each of the nanoparticles and then incubated
for 24 hours at 37 °C and the inhibition zones were monitored.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Aer incubation, the presence of bacterial growth inhibition
halo around the samples was absorbed, and their diameter in
millimeters was measured.

Minimum inhibition concentration

The microdilution assay was used to determine the minimum
inhibitory concentration (MIC) of C60-Cl fullerenes, Ag-C60-Cl,
and Cu-C60-Cl nanoparticles by evaluating the visible growth of
microorganisms in broth media.23 A series of two-fold dilutions
of nanoparticles, ranging from 500 mg mL−1 to 0.9765 mg mL−1,
was prepared with an adjusted bacterial concentration (0.5
McFarland standard) in Brain Heart Infusion (BHI) broth within
a 96-well plate. The control group contained only inoculated
broth and was incubated for 24 hours at 37 °C. The MIC was
determined as the lowest concentration of nanoparticles that
showed no visible growth was observed in the wells. To validate
the MIC value, the visual turbidity of the wells was noted both
before and aer incubation. Silver nitrate (AgNO3) was used as
a control. Its well-documented antimicrobial properties provide
a benchmark for comparison and help validate the efficacy of
the nanoparticles.24–26

Reactive oxygen species quantication

ROS level quantication was conducted according to the
protocol by Pérez et al. protocol.27 In brief, bacterial cells were
exposed to varying concentrations of Ag-C60-Cl, Cu-C60-Cl, and
C60-Cl nanoparticles, utilizing the oxidant-sensitive probe,
Nanoscale Adv., 2024, 6, 5833–5852 | 5835
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Fig. 2 Raman spectra and morphological images of C60-Cl, Ag-C60-
Cl, and Cu-C60-Cl fullerenes synthesized through the liquid–liquid
interfacial method. The Raman spectra display the inherent vibrational
modes of (red trace) C60-Cl, (blue trace) Ag-C60-Cl, and (green trace)
Cu-C60-Cl. Insets show the corresponding morphological images of
the nanoparticles taken through a Raman microscope at 50× with
a scale bar of 20 mm. All spectra were background-subtracted and
normalized.
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H2DCFDA. The bacterial cells were cultured in an LB medium
until reaching an optical density (OD) of 0.5 at 600 nm. Subse-
quently, cells were harvested through centrifugation, washed
with 10 mM potassium phosphate buffer (pH 7.0), and dis-
rupted by sonication aer suspension in the same buffer. The
oxidant-sensitive probe H2DCFDA, dissolved in dimethyl sulf-
oxide, was added to the cell suspension at a ratio of 1 : 2000,
followed by a 30-minute incubation at 37 °C with shaking. Aer
centrifugation to form a cell pellet, excess H2DCFDA was
removed through two washes with the same buffer. Cleaned
cells suspended in buffer were then exposed to nanoparticles at
concentrations ranging from 0.1–500 mg mL−1. Finally, the
uorescence intensity of 20,70-dichlorouorescein (DCF) was
measured using a uorescence spectrophotometer at an exci-
tation wavelength of 488 nm and an emission wavelength of
535 nm. Hydrogen peroxide (H2O2) was used as a positive
control to induce ROS production. H2O2 is a well-established
oxidizing agent that causes oxidative stress in bacterial cells
by generating ROS.

Catalase assay

To evaluate the catalase activity of the samples, the Amplex Red
Catalase Assay was performed. The assay Amplex Red reagent
stock solution was prepared by dissolving 0.26 mg of the
reagent in 100 mL of DMSO (10 mM). A 1× Reaction Buffer was
formulated by combining 4 mL of 5× Reaction Buffer stock with
16 mL deionized water. Additionally, a 100 U mL−1 HRP solu-
tion and a 20 mM H2O2 working solution were prepared. In
parallel, a 1000 U mL−1 catalase solution was derived by dis-
solving catalase in 100 mL of deionized water. For the assay,
samples were diluted in 1× Reaction Buffer and pipetted into
a microplate. A 40 mM H2O2 solution was then added, followed
by a 30-minute incubation. Subsequently, a working solution of
100 mMAmplex Red reagent with 0.4 UmL−1 HRP was prepared.
In the second phase of the reaction, 50 mL of the Amplex Red/
HRP working solution was added to each well containing
samples with concentrations ranging from 7.8–500 mg mL−1,
along with appropriate controls. The plate was then incubated
for a least 30 minutes at 37 °C, protected from light. Fluores-
cence was measured using a microplate reader with excitation
in the 530–560 nm range and emission detection at approxi-
mately 590 nm. The change in uorescence was determined by
subtracting the sample value from that of the no-catalase
control.

Efflux pump inhibition assay

To evaluate the efflux pump activity of E. coli and MRSA in the
presence of fullerenes, a cartwheel assay was employed
following a modied protocol by Christena et al.28 This method
was chosen to gauge the anti-resistance mechanisms of fuller-
enes. Briey, Mueller Hinton agar plates were prepared with
ethidium bromide (EtBr; 0.1 mg mL−1). C60-Cl, Ag-C60-Cl, and
Cu-C60-Cl nanoparticles were added to media at 0.25× MIC
concentrations, with tetracycline as the positive control and
bacteria as negative control. Bacterial cultures, grown over-
night, were adjusted to OD600= 0.5 and swabbed onto Ethidium
5836 | Nanoscale Adv., 2024, 6, 5833–5852
bromide-Mueller-Hinton-NPs (EtBr-MH-NPs) plates in a cart-
wheel pattern and held at 37 °C for 24 hours. Aer incubation,
the plates were then examined under a UV transilluminator,
and images were captured to compare the uorescence intensity
of the lines.
Results
Raman spectroscopy

The inherent binding characteristics of the nanoparticles
synthesized through the liquid–liquid interfacial method were
determined using a Raman survey, as depicted in Fig. 2. The
Raman-active bands in C60 fullerene molecules exhibited
a signicant decay, mirroring observations made in hybrid
microcrystals produced through liquid–liquid interfacial and
solid–liquid interfacial methods.29,30

The inherent Raman vibrational modes of the C60 monomer,
particularly those localized at 1,463 cm−1, 490 cm−1, and
269 cm−1 (C), correspond to the Ag(2) “pentagonal pinch”
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mode, Ag(1) “breathing,” and Hg(1) squashing mode of C60

molecules, respectively. These modes disappeared in Ag-C60-Cl
nanoparticles due to the robust interaction between Ag-C60-Cl,
causing a severe reduction in fullerene symmetry. Conse-
quently, two broadened and weakened peaks emerge, centered
at 1,580 cm−1 and 1,361 cm−1 (;), respectively. These results
provide evidence of charge transfer between Ag+ and C60-Cl,
leading to charge redistribution and suppressing most Raman
activity.31 Other vibration bands, such as 1,560 cm−1 Hg(8) and
1,418 cm−1 Hg(7), associated with laser-induced C60-Cl poly-
merization,32 were entirely absent. This absence demonstrated
that a cage-like Ag+ network isolates individual fullerene
molecules, serving as a physical or structural impediment that
prevents fullerene polymerization or linking together, and acts
as a barrier to C60-C60 cross-linking. In all spectra, the back-
ground was subtracted, and the spectra were normalized.

To further validate the experimental Raman results,
computational Raman spectra were obtained, indicating that
fullerenes can accommodate up to six silver or copper ions. To
determine the spatial arrangement of these metal ions relative
to the surface of fullerenes, experimental Raman spectra were
compared with those generated computationally. Using
Gaussian 16 soware (Gaussian, Inc), Raman spectra for
congurations with metal ions located internally (Fig. 3Ia) and
externally (Fig. 3Ib) were simulated to ascertain their relaxed
geometries and corresponding spectra. In alignment with
previous computational studies of pristine fullerenes,33 the
B3LYP method34 and the lanl2dz basis set,35 augmented with
Grimme's GD3 empirical dispersion correction,36 were utilized.

The computational strategy was initially validated by simu-
lating the Raman spectrum of chloro-fullerene (C60-Cl) (Fig. 3II)
and comparing it with both prior computational data37 and
experimental results (Fig. 2). Analysis of the spectra for Ag-C60-
Fig. 3 (I) Graphical models illustration of relaxed geometry of six metal
positioned inside the fullerene cage and (b) configurationwith six metal io
(II) C60-Cl, (III) Ag ions outside the cage Ag-C60-Cl, (IV) Ag ions inside the
ions inside the cage Cu-C60-Cl. The spectral peak alignment is further co

© 2024 The Author(s). Published by the Royal Society of Chemistry
Cl, both internally (Fig. 3III) and externally (Fig. 3IV), suggested
an internal positioning of the metal ion, as inferred from the
spectral peak alignment. Similarly, for Cu-C60-Cl, the Raman
spectra (Fig. 3V and VI) supported an internal location of the
ion, corroborated by matching peaks with the experimental
spectra (Fig. 2b and c). Nonetheless, data from Fig. 3IV and VI
indicated external positioning for the metal ions in both copper
and silver-coordinated fullerenes.

The electrostatic polarization of fullerenes, shown in Fig. 4,
was also analyzed. Pristine fullerenes exhibit minimal electro-
static polarization due to the symmetric distribution of carbon
atoms. In contrast, fullerenes modied with copper and silver
atoms show increased polarization. This is attributed to the
higher electronegativity which leads to repulsive interactions
with the carbon framework.
X-ray photoelectron spectroscopy

The XPS survey results (Fig. 5) showed that C60-Cl fullerenes
demonstrate three dominant peaks at 199.8, 283.5, and 531.5 eV
which correspond to Cl 2p, C 1s, and O 1s peaks, respectively,
and conrmed the existence of sp2 and sp3 carbon along with
the surface-bound oxygen groups. The C 1s spectrum showed
a broad, asymmetric tail towards higher binding energy.
Moreover, satellite features, located several eV from the main C
1s peak, were observed in the C60-Cl fullerenes, indicating
a high concentration of sp2-hybridized carbon. In Cl 2p spec-
trum, four distinct peaks were observed, corresponding to Cl
2p1/2 (at 199.4 eV), Cl 2p3/2(at 197.7 eV), carbon-Cl 2p1/2 (at 201.8
eV), and carbon-Cl 2p3/2 (at 200.4 eV).

In Fig. 6, the XPS survey revealed four dominant peaks at
283.5, 531.5, 368.2, and 200.0 eV, corresponding to C 1s, O 1s,
Ag 3d, and Cl 2p peaks, respectively. The silver spectrum
ions in relation to the fullerenes. (a) Configuration with six metal ions
ns positioned outside the fullerene cage. Theoretical Raman spectra for
cage Ag-C60-Cl, (V) Cu ions outside the cage Cu-C60-Cl, and (VI) Cu
rroborated by the matching peaks in the experimental spectra (Fig. 2).

Nanoscale Adv., 2024, 6, 5833–5852 | 5837
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Fig. 4 Electrostatic potential mapped onto the total electron density of fullerenes. Isometric scale bar values are shown in blue (positive) and red
(negative) for (a) pristine fullerene +/− 6.488× 10−2 [eV], (b) fullerenemodifiedwith copper atoms exhibiting increased polarization and repulsive
interactions with the carbon framework, with an isometric scale bar of +/− 4.52 × 10−2 [eV], and (c) fullerene modified with silver atoms also
showing increased polarization and repulsive interactions with the carbon framework, with an isometric scale bar of +/− 3.594 × 10−2 [eV].

Fig. 5 (a) XPS survey spectra of C60-Cl and high-resolution scans for (b) C 1s and (c) Cl 2p.
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displayed well-separated spin-orbitals of Ag 3d at 367.76 and
373.77 eV, with no loss features. The C 1s spectrum of Ag-C60-Cl
showed a broad, asymmetric tail towards higher binding energy
with lesser intensity and showed the absence of some func-
tional groups (C]O and O–C]O), due to the binding of silver
ions. In addition, no loss feature was shown in the C 1s spec-
trum of Ag-C60-Cl, which might be due to the interaction of
silver ions with the fullerenes. In Cl 2p spectrum, four peaks
were shown, which are related to Cl 2p1/2 (at 199.2 eV), Cl 2p3/2
(at 198.4 eV), carbon-Cl 2p1/2 (at 201.4 eV), and carbon-Cl 2p3/
2(at 200.4 eV).

In Fig. 7, the XPS survey demonstrated four dominant peaks
at 283.5, 531.5, 934.79, and 200.0 eV correspond to C 1s, O 1s,
Cu 2p, and Cl 2p peaks, respectively. The Cu 2p peak has
signicantly split spin–orbit components, with Cu(II)-carbonate
showing a peak at 934.79 eV. Additionally, Cu(II) displayed
a collection of observable satellite features at 944 eV. The Cu-
C60-Cl results for the C 1s and Cl 2p peaks showed similar
behavior to Ag-C60-Cl. In these XPS results, signicant changes
in the Cl 2p peaks between C60-Cl, Ag-C60-Cl, and Cu-C60-Cl was
shown. These changes are indicative of chlorine's role in
enhancing the reactivity of the fullerenes. The Cl 2p peaks for
Ag-C60-Cl and Cu-C60-Cl were more prominent, reecting the
stronger interaction between chlorine and the metal ions. This
suggests that the coordination of chlorinated fullerenes with
5838 | Nanoscale Adv., 2024, 6, 5833–5852
silver and copper plays a role in increasing the antibacterial
effectiveness of the nanoparticles by promoting better interac-
tion with bacterial cell membranes.
Scanning electron microscopy-energy dispersive X-ray

The SEM-EDS analysis was performed to understand the
morphology and the elemental compositions in C60-Cl, Ag-C60-
Cl, and Cu-C60-Cl (Fig. 8). The SEM image (Fig. 8a) showed the
globular shape of chlorine-functionalized C60-Cl fullerene
aggregates. The EDS results conrmed the presence of only C,
O, Cl, and Si elements, where the presence of Si is due to the
silicon substrate. Similarly, Ag-C60-Cl fullerenes (Fig. 8b)
showed a globular shape of chlorine-functionalized Ag-C60-Cl
fullerene aggregates. Interestingly, the EDS results conrmed
the presence of only C, O, Cl, Ag elements, and Si substrate as
well, which indicates the high purity of Ag-C60-Cl fullerenes and
the reliability of the present preparation method. Cu-C60-Cl
fullerenes (Fig. 8c) showed clusters of globular shapes of
chlorine-functionalized Cu-C60-Cl fullerene aggregates. In
addition, EDS results conrmed the presence of only C, O, Cl,
and Cu elements as well as the Si substrate. Taken together, the
elemental mapping of the C60-Cl, Ag-C60-Cl, and Cu-C60-Cl
fullerenes conrmed the homogenous dispersion of the Ag and
Cu.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) XPS survey spectra of Ag-C60-Cl and high-resolution scans for (b) C 1s, (c) Ag 3d, and (d) Cl 2p.
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Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was performed
to characterize the functionalization and coordination of metals
with fullerenes. The spectra of pristine fullerene (C60), chloro-
fullerene (C60-Cl), and metal-coordinated fullerene complexes
(Ag-C60-Cl and Cu-C60-Cl) have shown signicant changes in
vibrational modes (Fig. 9).

The FTIR spectra of C60 (in black) shows the characteristic
absorption peaks associated with fullerene's vibrational modes.
The primary infrared-active modes, attributed to the highly
symmetric structure of C60, appear at 526 cm−1 (radial
breathing mode), 576 cm−1 (F1u symmetry), 1182 cm−1, and
1427 cm−1. These peaks are indicative of the unique sp2
hybridization and spherical geometry of fullerene. These peaks
corresponded to previously reported results in the literature.38

Upon chlorination, signicant changes were observed in the
FTIR spectrum (in red). A sharp new peak appears at 1214 cm−1,
which can be attributed to the C-Cl stretching vibration, con-
rming the successful functionalization of C60 with chlorine.
The peak at 1729 cm−1, present in both C60 and C60-Cl spectra,
likely corresponds to a carbonyl (C]O) group, suggesting
© 2024 The Author(s). Published by the Royal Society of Chemistry
possible oxidation of the fullerene nanoparticles. Notably, the
peak at 1639 cm−1 observed in C60 disappeared in the C60-Cl
spectrum, indicating that functionalization alters the vibra-
tional mode associated with this wavenumber. Furthermore,
while the peak at 576 cm−1, attributed to the radial breathing
mode of C60, is signicantly reduced in C60-Cl, the peak at
1427 cm−1 remains unchanged. This indicates that the core
structure of C60 is largely preserved, but the vibrational modes
associated with the fullerenes are modied by chlorination.

The coordination of silver to the chloro-fullerene (in blue)
leads to noticeable shis in the vibrational frequencies. A new
peak appears around 1340 cm−1, likely representing a modied
vibrational mode associated with the interaction between the
silver ion and the fullerene structure. Furthermore, the
appearance of the peak at 1635 cm−1 suggests new vibrational
interactions within the fullerene, possibly due to the inuence
of silver on the p-conjugated system of the fullerene, specically
the C]C bonds. These shis and new peaks provide evidence
that the coordination is likely occurring through the fullerene's
double bonds, a common interaction observed in fullerene-
metal systems, further supported by minor shis in peaks
Nanoscale Adv., 2024, 6, 5833–5852 | 5839
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Fig. 7 (a) XPS survey spectra of Cu-C60-Cl and high-resolution scans for (b) C 1s, (c) Cu 2p, and (d) Cl 2p.
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associated with the fullerene core structure. In addition, the
peak corresponding to the carbonyl stretch shis slightly from
1729 cm−1 to 1733 cm−1, which may suggest an interaction
between the carbonyl group and the silver ion. This shi,
alongside the increased sharpness of the peak, indicates
potential stabilization of the C]O bond due to metal
coordination.

Similarly, the Cu-C60-Cl (in green) shows a shi in the
carbonyl peak to 1735 cm−1, but this peak appears sharper
compared to the Ag-C60-Cl spectrum. The sharpness indicates
a stronger interaction between the copper ion and the fullerene
carbonyl group, which could be due to the higher Lewis acidity
of copper compared to silver. Additionally, there are small shis
in the C-Cl and fullerene-related peaks, signifying that copper
has amore pronounced effect on the overall structure compared
to silver.

High-resolution transmission electron microscopy

The morphological and structural properties of C60, C60-Cl, Ag-
C60-Cl, and Cu-C60-Cl were investigated using Transmission
Electron Microscopy (TEM) and Selected Area Electron
5840 | Nanoscale Adv., 2024, 6, 5833–5852
Diffraction (SAED). The results provided insight into the
aggregation behavior, structural integrity, and crystalline nature
of the nanoparticles aer functionalization and metal
coordination.

TEM analysis of pristine C60 (Fig. 10a) shows clusters of
aggregated fullerene particles. The aggregation, commonly
observed in fullerene systems, results from van der Waals inter-
actions between C60 molecules, leading to the formation of larger
clusters. The corresponding SAED pattern (Fig. 10b) exhibits
distinct diffraction rings, which conrm the crystalline nature of
pristine C60. This nding aligns with the high symmetry and
molecular structure of C60, further supported by FTIR analyses,
which identied characteristic vibrational modes corresponding
to the sp2 hybridization of the fullerene framework.

Upon chlorination, the TEM image of C60-Cl (Fig. 10c) shows
an increase in particle aggregation compared to pristine C60.
This observation suggests that chlorination enhances the
intermolecular interactions between fullerene molecules,
leading to larger clusters. However, the SAED pattern (Fig. 10d)
indicates reduced crystallinity in C60-Cl compared to C60, as
evidenced by the less-dened diffraction rings. This reduction
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM-EDS of C60-Cl, Ag-C60-Cl, and Cu-C60-Cl fullerenes. SEM image and EDS results of (a) C60-Cl, (b) Ag-C60-Cl, and (c) Cu-C60-Cl.
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in crystallinity is likely due to the introduction of chlorine
atoms, which disrupt the molecular symmetry of C60. These
changes are consistent with FTIR results, where the appearance
Fig. 9 FTIR spectra of C60, C60-Cl, Ag-C60-Cl, and Cu-C60-Cl fullerene
spectrum represents C60-Cl, the blue represents Ag-C60-Cl, and the gre

© 2024 The Author(s). Published by the Royal Society of Chemistry
of new peaks at 1214 cm−1 conrmed the C-Cl functionalization
and a shi in the vibrational modes associated with the
fullerene core structure.
s. The black FTIR spectrum represents pristine fullerenes, the red FTIR
en represents Cu-C60-Cl.
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Fig. 10 (a) TEM image of C60 nanoparticles at 10k×; (b) corresponding SAED pattern of C60; (c) TEM image of C60-Cl at 10k×; (d) its corre-
sponding SAED pattern; (e) TEM image of Ag-C60-Cl at 10k×; (f) its corresponding SAED pattern; (g) TEM image of Cu-C60-Cl at 10k×; (h) its
corresponding SAED pattern.
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For Ag-C60-Cl (Fig. 10e), TEM reveals a more dened nano-
particle structure with less aggregation than C60-Cl, suggesting
that silver coordination affects the dispersion of fullerene
nanoparticles. The SAED pattern (Fig. 10f) shows clear diffrac-
tion rings, indicating that Ag-C60-Cl retains its crystallinity aer
silver coordination. The SAED analysis also reveals features
corresponding to the silver's inuence on the crystalline struc-
ture of the fullerene. These ndings are consistent with FTIR
results, which showed shis in vibrational modes, including
the carbonyl stretching at 1733 cm−1, suggesting interaction
between silver ions and the fullerene structure.

Finally, Cu-C60-Cl (Fig. 10g) exhibits a distinct anisotropic
morphology, with the nanoparticles displaying less aggregation
and more uniform shapes compared to the Ag-C60-Cl sample.
The SAED pattern (Fig. 10h) reveals well-dened diffraction
rings, indicating the crystalline structure of Cu-C60-Cl. The
SAED results correlate with the structural rearrangement
observed in the FTIR spectra, where a shi in the carbonyl
stretching frequency to 1735 cm−1 suggests stronger coordina-
tion between the copper ions and fullerene.
Disc diffusion assay

The antibacterial activity of C60-Cl, Ag-C60-Cl, and Cu-C60-Cl was
evaluated against two bacterial strains, the Gram-negative E. coli
and Gram-positive MRSA. Compared to the C60-Cl control,
which showed no zones, the inhibition zones produced by Ag-
C60-Cl and Cu-C60-Cl were 15 mm and 7 mm, respectively.
Similarly, Ag-C60-Cl produced the highest zone of inhibition (14
mm) against MRSA compared to Cu-C60-Cl (10 mm) and C60-Cl
which produced no zones (see ESI†). It was shown that Ag-based
fullerenes were more active than pristine fullerenes alone and
Cu-based fullerenes.
5842 | Nanoscale Adv., 2024, 6, 5833–5852
The differences in the antimicrobial properties might have
been attributed to the synergism of Ag+ ions and fullerenes. The
coordination of Ag in fullerenes produced enhanced antimi-
crobial potential as compared to control. Because, in integrated
form, the Ag ions stabilized with the carbon cage confer
increased concentration at the desired site and result in
enhanced antimicrobial activities.39
Minimum inhibition concentration

The microdilution assay performed to determine the MIC of all
types of nanoparticles showed that C60-Cl fullerenes were active
at higher concentrations compared to fullerenes incorporated
with silver and copper. In general, Ag-C60-Cl fullerenes showed
the highest activity at lower concentrations compared to C60-Cl
and Cu-C60-Cl fullerenes.

When applied against E. coli, Ag-C60-Cl resulted in inhibition
of growth at the lower MICs (3.906 mg mL−1), while Cu-C60-Cl
inhibited growth at 125 mg mL−1 compared to control C60-Cl
(>500 mg mL−1). Similarly, consistent with our previous ndings
in the disk diffusion assay, the lowest MICs were observed with
Ag-based fullerenes against both E. coli and MRSA. Ag-C60-Cl
inhibited the growth of MRSA at 3.906 mgmL−1 compared to Cu-
C60-Cl (125 mg mL−1) and C60-Cl (>500 mg mL−1). The MICs of
each fullerene evaluated are shown in Tables 1 and 2.
Efflux pump inhibition assay

The cartwheel assay was performed to assess the ability of
bacteria to expel EtBr. Ethidium bromide is a substrate for efflux
pumps and bacteria having an active efflux pump expel it out of
the cell once taken in from the media along with nutrients.40

Once faced with any active efflux pump inhibitor, EtBr remains
inside of the cell and forms a reddish pattern along the lines of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Minimum inhibitory concentration (MIC) against E. coli, turbidity for different concentrations of nanoparticles after 24 ha

Dilution of the
nanoparticles

500
mg mL−1

250
mg mL−1

125
mg mL−1

62.5
mg mL−1

31.25
mg mL−1

15.625
mg mL−1

7.8125
mg mL−1

3.906
mg mL−1

1.953
mg mL−1

0.9765
mg mL−1

AgNO3 − − − − − − − + + +
− − − − − − − + + +

C60-Cl + + + + + + + + + +
+ + + + + + + + + +

Ag-C60-Cl − − − − − − − − + +
− − − − − − − − + +

Cu-C60-Cl − − − + + + + + + +
− − − + + + + + + +

a Positive (+): turbidity indicating growth; negative (−): no turbidity indicating absence of growth.

Table 2 Minimum inhibitory concentration (MIC) against MRSA, turbidity for different concentrations of nanoparticles after 24 ha

Dilution of the
nanoparticles

500
mg mL−1

250
mg mL−1

125
mg mL−1

62.5
mg mL−1

31.25
mg mL−1

15.625
mg mL−1

7.8125
mg mL−1

3.906
mg mL−1

1.953
mg mL−1

0.9765
mg mL−1

AgNO3 − − − − − − − + + +
− − − − − − − + + +

C60-Cl + + + + + + + + + +
+ + + + + + + + + +

Ag-C60-Cl − − − − − − − − + +
− − − − − − − − + +

Cu-C60-Cl − − − + + + + + + +
− − − + + + + + + +

a Positive (+): turbidity indicating growth; negative (−): no turbidity indicating absence of growth.
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bacterial growth in the cartwheel pattern. In E. coli, efflux
pumps play a major role in antibiotic resistance by actively
expelling a wide range of antibiotics, thereby decreasing their
intracellular concentrations and effectiveness. This system is
particularly notable for its contribution to resistance against
multiple antibiotics.
Fig. 11 EtBr cartwheel assay assessing efflux pump inhibition in E. coli a
fullerenes, (c) Ag-C60-Cl fullerenes, and (d) Cu-C60-Cl fullerenes in E. c

© 2024 The Author(s). Published by the Royal Society of Chemistry
On the other hand, MRSA, also possesses multiple efflux
pumps, which contribute to its resistance prole, but other
mechanisms like b-lactamase production and alterations in
penicillin-binding proteins play substantial roles.41 Compara-
tively, the activity of efflux pumps in E. coli is generally
considered to be more signicant in its contribution to
nd MRSA. Evaluation of (a) control (without nanoparticles), (b) C60-Cl
oli and MRSA.
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multidrug resistance due to the broad substrate range and high
efficiency pumps, which can handle a wide array of antibiotics
and toxic substances. The results indicated that the efflux pump
was very active in E. coli, whereas they were slightly less active in
MRSA. However, when applied with 0.5× MIC of C60-Cl, Ag-C60-
Cl, and Cu-C60-Cl, it was clearly observed, as compared to the
control (devoid of nanoparticles), that the cells along the lines
have more entrapped EtBr.

In contrast to the antibacterial activity, however, Cu-C60-Cl
seems to be more active in efflux pump inhibition than Ag-C60-
Cl and C60-Cl. Furthermore, the efflux pump of MRSA was less
active, and thus, EtBr was trapped inside, even in the absence of
added fullerenes. However, as shown in Fig. 11, Cu-C60-Cl
appeared in bright red, indicating the presence of higher
concentrations of EtBr inside of the cells. This difference in
efficiency can be attributed to the structural and functional
characteristics of the respective efflux systems, making E. coli's
efflux systems more efficient at expelling various substances
compared to those in MRSA. Together, these results indicated
that Cu-C60-Cl fullerenes were more potent in the inhibition of
the efflux pump and copper seems to be actively inhibiting, as
previously shown by Christena et al. (2015), wherein it was re-
ported that copper nanoparticles potently inhibited the efflux
pump in S. aureus.28
Reactive oxygen species quantication

Bacteria produce ROS when exposed to stress such as that
coming from antimicrobial compounds. It has previously been
reported that intracellular oxide radicals are formed in bacteria
when treated with metallic nanoparticles. In this study, we
observed that fullerenes and fullerene derivatives were able to
induce ROS formation in both E. coli and MRSA (Fig. 12). The
Fig. 12 Relative fluorescence intensity indicating ROS production in E. co
(a) E. coli and (b) MRSAwere treatedwith increasing concentrations of C60

or H2O2 alone (control). Data is represented by three independent as
comparing the MIC-treated samples to the H2O2 control, a potent indu

5844 | Nanoscale Adv., 2024, 6, 5833–5852
ROS production was expressed and recorded in terms of uo-
rescence intensity. The highest amount of ROS, as evident by
high uorescence intensity, was generated inMRSA treated with
Ag-C60-Cl at 0.5× of MIC. The uorescence intensity varied
among the different bacterial strains. E. coli, when treated with
all types of fullerenes, revealed generally lower ROS production
than the levels observed in MRSA. It has been studied that
various bacteria capable of tolerating and neutralizing ROS will
produce less uorescence intensity. Of note, the highest
amount of ROS produced in E. coli was a result of treatment
with C60-Cl at 0.5× MIC.

The silver coordinated fullerenes used in the ROS experi-
ment had a concentration of 1.953 mg mL−1 (0.5 MIC) compared
to 250 mg mL−1 of C60-Cl control (0.5 MIC). Thus, the coordi-
nation of silver on the fullerenes enhanced the activity of the
nanoparticles to generate similar ROS at a 128-fold concentra-
tion difference. These results also showed that Cu-C60-Cl was
unable to generate higher levels of ROS against both E. coli and
MRSA. This may be attributed to copper's known role as
a scavenger of ROS, suggesting that any ROS induced by C60-Cl
could have been quenched by the associated copper. Thus, it
can be concluded that the Ag-C60-Cl produced antibacterial
activity through increased ROS production. ROS production was
measured in E. coli and MRSA treated with C60-Cl, Ag-C60-Cl,
and Cu-C60-Cl nanoparticles at varying concentrations (0.031 to
0.5 MIC). Statistical analysis using a two-tailed t-test were per-
formed to assess the signicance of differences between the
nanoparticle treatments.

For E. coli, C60-Cl vs. Ag-C60-Cl resulted in a signicant
increase in ROS production (P < 0.05) in the Ag-C60-Cl-treated
group compared to the C60-Cl-treated group (P < 0.05). This
indicates that Ag functionalization signicantly enhanced ROS
generation compared to non-functionalized C60-Cl
li and MRSA treated with C60-Cl, Ag-C60-Cl, and Cu-C60-Cl fullerenes.
-Cl, Ag-C60-Cl, and Cu-C60-Cl fullerenes from0.031 MIC to 0.5×MIC,
says (+/−SD). Statistical significance was determined using a T-test,
cer of ROS. Significance is denoted as p > 0.05 (*).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles. For C60-Cl vs. Cu-C60-Cl, Cu-C60-Cl-treated E. coli
also exhibited a statistically signicant increase in ROS
production compared to the C60-Cl group (P < 0.05). This also
suggests that Cu functionalization also leads to higher ROS
production. Lastly, in a comparison between Ag-C60-Cl vs. Cu-
C60-Cl, Ag-C60-Cl induced signicantly higher ROS production
compared to Cu-C60-Cl (P < 0.05), indicating that silver func-
tionalization has a stronger effect on ROS generation than
copper.

Similar behavior was shown in MRSA; where in C60-Cl vs. Ag-
C60-Cl, Ag-C60-Cl nanoparticles produced signicantly higher
levels of ROS compared to C60-Cl (P < 0.05), similar to the trend
observed in E. coli. Additionally, C60-Cl vs. Cu-C60-Cl showed
that Cu-C60-Cl treatment led to signicantly higher ROS
production compared to C60-Cl (P < 0.05), indicating that copper
also enhances ROS production in MRSA. Finally, in the
comparison between Ag-C60-Cl vs. Cu-C60-Cl, the ROS produc-
tion in the Ag-C60-Cl-treated MRSA group was signicantly
higher than in the Cu-C60-Cl-treated group (P < 0.05), suggesting
that Ag functionalization has a more pronounced effect on ROS
generation than Cu functionalization.

Catalase assay

Catalase, an important antioxidant enzyme, can be triggered in
response to oxidative damage to bacterial cells. For instance,
Fig. 13 Change in fluorescence indicating catalase activity in E. coli and
coli and MRSA were treated with C60-Cl, Ag-C60-Cl, and Cu-C60-Cl fulle
appropriate controls. Data is represented by three independent assays (
cance is denoted as follows: p > 0.05 (*) and p # 0.005 (**). Significant d
above the bars.

© 2024 The Author(s). Published by the Royal Society of Chemistry
ROS induced by nanoparticles could induce higher catalase
production in bacteria, which acts as its antioxidant defense
system.42 The activity of catalase in both E. coli and MRSA was
assessed in response to oxidative stress induced by fullerenes
and fullerene derivatives (Fig. 13). Ag-C60-Cl produced the
highest change in uorescence which indicated the highest
catalase activity induced in both E. coli and MRSA. This was
followed by C60-Cl, while Cu-C60-Cl induced the lowest catalase
activity, which corresponds to the lowest levels of ROS gener-
ated by these three fullerenes.

It can be inferred that the production of ROS and catalase
activity involves a delicate balance between the generated
radicals and the enzyme's activity. Whereas, generally, the
higher the ROS level, the higher the catalase activity against
them. However, these results indicated that higher catalase
activity in E. coli was accompanied by lower ROS levels in these
cells (Fig. 12). This could imply that catalase effectively
neutralized the free radicals within the cells, which previous
reports have shown that catalase typically neutralizes oxides,
peroxide, and superoxide radicals, thus protecting cells from
their damage.43

Catalase activity was measured in E. coli and MRSA treated
with C60-Cl, Ag-C60-Cl, and Cu-C60-Cl nanoparticles. Statistical
analysis using a two-tailed t-test was performed to assess the
MRSA treated with C60-Cl, Ag-C60-Cl, and Cu-C60-Cl nanoparticles. E.
renes with concentrations ranging from 7.8–500 mg mL−1, along with
+/−SD). Statistical significance was determined using a T-test. Signifi-
ifferences between nanoparticle treatments are indicated by brackets
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signicance of differences between the nanoparticle
treatments.

For E. coli, C60-Cl vs. Ag-C60-Cl resulted in a signicant
increase in catalase activity in the Ag-C60-Cl-treated group
compared to the C60-treated group (P < 0.05). This indicates that
silver functionalization signicantly enhances catalase activity
compared to non-functionalized C60-Cl nanoparticles. For C60-
Cl vs. Cu-C60-Cl, the Cu-C60-Cl-treated E. coli exhibited a statis-
tically signicant decrease in catalase activity compared to the
C60 group (P < 0.005), suggesting that copper functionalization
leads to lower catalase activity. Lastly, in a comparison between
Ag-C60-Cl vs. Cu-C60-Cl, Ag-C60-Cl induced signicantly higher
catalase activity compared to Cu-C60-Cl (P < 0.005), indicating
that silver functionalization has a stronger effect on catalase
activity than copper in E. coli.

A similar behavior was observed in MRSA; where in C60-Cl vs.
Ag-C60-Cl, Ag-C60-Cl nanoparticles produced signicantly
higher levels of catalase activity compared to C60 (P < 0.005),
similar to the trend observed in E. coli. Additionally, C60-Cl vs.
Cu-C60-Cl showed that Cu-C60-Cl treatment led to signicantly
lower catalase activity compared to C60-Cl (P < 0.005), indicating
that copper reduces catalase activity in MRSA as well. Finally, in
the comparison between Ag-C60-Cl vs. Cu-C60-Cl, the catalase
activity in the Ag-C60-Cl-treated MRSA group was signicantly
higher than in the Cu-C60-Cl-treated group (P < 0.005), sug-
gesting that Ag functionalization has a more pronounced effect
on catalase activity than Cu functionalization in MRSA.
Dynamic light scattering and bacteria interactions

The particle size, distribution, and zeta potential of the nano-
particles were measured using a Malvern ZEN3600 Zetasizer to
evaluate the colloidal stability and surface charge characteris-
tics of the silver- and copper-coordinated chloro-fullerenes (Ag-
C60-Cl and Cu-C60-Cl), as well as the control sample (C60-Cl).
Zeta potential measurements were conducted in replicates, as
shown in the ESI.†

The Ag-C60-Cl nanoparticles exhibited a Z-average size of
827.31 nm, and a zeta potential of −47.48 mV. The strongly
Fig. 14 SEM images for E. coli and MRSA before and after the treatmen

5846 | Nanoscale Adv., 2024, 6, 5833–5852
negative surface charge indicates excellent colloidal stability
due to electrostatic repulsion between particles, effectively
preventing aggregation. This high stability allows Ag-C60-Cl
nanoparticles to remain well-dispersed in solution, which likely
increases their interaction with bacterial cells, thereby
enhancing their antibacterial activity. Additionally, the wall zeta
potential of −59.09 mV conrms the stability of Ag-C60-Cl in
suspension.

For Cu-C60-Cl, a larger average size of 1044.48 nm where the
zeta potential was determined to be +25.4 mV, suggesting
moderate colloidal stability. While this value is slightly lower
than the threshold for ideal long-term suspension stability, the
positive surface charge is of particular interest due to its
potential for strong electrostatic interaction with the negatively
charged bacterial cell membranes which was proven in the SEM
image (Fig. 14) for the interaction between the bacteria and Cu-
C60-Cl nanoparticles. This enhanced interaction could facilitate
more effective disruption of bacterial cells and contribute to the
previously observed antibacterial properties of the Cu-C60-Cl
nanoparticles. The wall zeta potential of Cu-C60-Cl was
measured at −8.67 mV, reecting a lower surface charge and
suggesting that these particles may have a different interaction
prole compared to Ag-C60-Cl.

In comparison, the control sample C60-Cl exhibited a Z-
average size of 774.945 nm and a zeta potential of −58.38 mV,
indicating superior colloidal stability, even higher than Ag-C60-
Cl. This result suggests that C60-Cl nanoparticles remain highly
stable in suspension, which is benecial for prolonged inter-
actions with bacterial cells. The wall zeta potential of
−81.21 mV further highlights the enhanced stability of the C60-
Cl nanoparticles.

To further explain the interaction between the nanoparticles
and the bacteria cells, SEM images for the nanoparticles–
bacteria interaction were obtained as shown in Fig. 14. The
images clearly depict the differences in bacterial morphology
before and aer nanoparticle treatment. In the control group,
both E. coli and MRSA cells retain their intact, smooth
morphology. Aer treatment with C60-Cl, Ag-C60-Cl, and Cu-C60-
Cl bacterial cells showed no signicant membrane
t with C60-Cl, Ag-C60-Cl, and Cu-C60-Cl nanoparticles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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deformation, indicating no external effect upon the interaction.
In C60-Cl no interaction with nanoparticles was shown indi-
cating less selectivity to these nanoparticles. In contrast, the
silver-coordination has shown enhanced interaction and
furthermore for the copper-coordination. This comprehensive
analysis of zeta potential, particle size, and SEM images
demonstrates that Ag-C60-Cl and Cu-C60-Cl exhibited stronger
antibacterial properties compared to C60-Cl, with metal coor-
dination amplifying the nanoparticles' interactions with bacte-
rial membranes and contributing to higher antimicrobial
efficacy.

Discussion

This study sought to provide insight into the antimicrobial
properties, mechanisms of action, antioxidant defense system,
and potential applications of fullerene metal conjugates in
combating healthcare specic bacterial infections. The research
describes a novel, rapid one-step synthesis method for
producing Ag-C60-Cl and Cu-C60-Cl and evaluates their anti-
bacterial efficacy against Gram-negative bacteria, E. coli, and
a clinically relevant AMR Gram-positive bacteria, MRSA,
revealing MICs of 3.9 mg mL−1 and 125 mg mL−1, respectively.

Pan et al. previously described the antibacterial activity of
silver-modied fullerene towards S. aureus.44 Herein, this
research aligns with prior work and broadens applicability by
leveraging Ag-C60-Cl. The enhanced properties of Ag-C60-Cl
advance earlier work in this eld by demonstrating biocidal
properties against different bacterial strains, including resis-
tant strains like MRSA and E. coli. These results emphasize the
broad-spectrum utility and effectiveness of these novel nano-
particles in combating a wide range of bacterial pathogens. The
future potential of these nanoparticles in clinical settings,
especially in healthcare environments facing the unabated rise
Table 3 A comparison of this work with relevant studies from the litera

Nanomaterial Bacterial strain
Minimum inhi
concentration (

C60 fullerenes Escherichia coli >500 mg mL−1

Ag-C60-Cl nanoparticles Escherichia coli 3.9 mg mL−1

MRSA 3.9 mg mL−1

Cu-C60-Cl nanoparticles Escherichia coli 125 mg mL−1

MRSA 125 mg mL−1

THF/nC60 Bacillus subtilis 0.08–0.10 mg L
THF/nC60 small 0.008–0.010 mg
THF/nC60 large 0.6–0.8 mg L−1

Son/nC60 0.4–0.6 mg L−1

Son/nC60 small 0.15–0.20 mg L
Son/nC60 large 0.6–0.8 mg L−1

Aq/nC60 0.4–0.6 mg L−1

Aq/nC60 small 0.1–0.23 mg L−

Aq/nC60 large 0.75–1.5 mg L−

PVP/C60 0.6–1.0 mg L−1

0% Ag-MWCNTs Escherichia coli —
3% Ag-MWCNTs —
6% Ag-MWCNTs 6 mg mL−1

Ag NPs-PANI/MWCNT Escherichia coli —
Ag NPs on CNT carpets Escherichia coli —

© 2024 The Author(s). Published by the Royal Society of Chemistry
of AMR ‘superbugs’, could signicantly enhance treatment
approaches and strategies.

The results demonstrated that the metallic integration with
fullerene signicantly boosted inherent antimicrobial proper-
ties. The stability and increased surface reactivity of the Ag-C60-
Cl and Cu-C60-Cl fullerene conjugates allowed for more effective
interaction with bacterial membranes, leading to enhanced
bacterial inhibition. The silver-coordinated nanoparticles
exhibited potent activity against both Gram-negative and Gram-
positive bacteria, while the copper-coordinated nanoparticles
demonstrated notable antibacterial properties. This difference
in activity could be attributed to the distinct interactions
between the metal ions and the fullerene structures.

Reactive oxygen species (ROS) quantication, catalase
assays, and efflux pump inhibition studies further elucidated
the antibacterial mechanisms of the nanoparticles. The results
revealed that Ag-C60-Cl fullerenes induced higher ROS produc-
tion, correlating with their enhanced antibacterial activity. In
contrast, Cu-C60-Cl fullerenes exhibited lower ROS levels, likely
due to copper's known ROS-scavenging properties. This indi-
cates that the antibacterial effect of Ag-C60-Cl is primarily
mediated through ROS generation, whereas the mechanism for
Cu-C60-Cl may involve other pathways, potentially through
efflux pump inhibition. In general E. coli tends to be more
resistant to antimicrobial agents compared to Gram-positive
bacteria like S. aureus, due to the presence of a protective
outer membrane. However, the ndings in this research align
with recent studies that suggest fullerene derivatives can exhibit
broad-spectrum antimicrobial activity that impact both Gram-
positive and Gram-negative bacteria similarly. For instance,
the study by Bolshakova et al. (2023) demonstrated that
fullerene derivatives on a nanodiamond platform show signi-
cant antimicrobial properties against a variety of bacteria,
including E. coli and S. aureus.45 This broad-spectrum activity is
ture

bitory
MIC)

Antibacterial activity
(zone of inhibition) Relevant study/reference

No zone of inhibition This work
15 mm
14 mm
7 mm
10 mm

−1 — Lyon et al.53

L−1

−1

1

1

11.3 Hamouda et al.54

14.8 � 0.3
17.1 � 0.1
z18 mm Deshmukh et al.55

No zone of inhibition Karumuri et al.56
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attributed to the ability of fullerenes to disrupt microbial cell
membranes and generate ROS under certain conditions, which
can damage cellular components irrespective of the bacterial
cell wall structure. The ndings herein, support the notion that
the myriad and broad-spectrum mechanisms of action of
fullerene derivatives, such as membrane disruption and ROS
production, can be effective against both types of bacteria
despite their structural differences. Furthermore, experimental
conditions were optimized and consistent for both bacterial
strains, ensuring reliable and comparable results.

These ndings underscore the signicant potential of metal-
coordinated fullerenes in addressing the critical healthcare
challenge of AMR. The rapid synthesis approach described
herein offers a scalable and efficient method for producing
these nanoparticles for industrial applications. The unique
properties of fullerenes, combined with the synergistic effects
observed in the metal-fullerene composites, present a versatile
platform for developing novel antimicrobial agents that can
surpass the limitations of conventional treatments. Similarly,
the incorporation of fullerenes and Ag3PO4/Fe3O4 nano-
composite has been shown to signicantly improve the anti-
bacterial properties, where fullerene modied nanocomposite
demonstrated biocidal activity.46 Their ability to induce ROS,
inhibit efflux pumps, and interact synergistically with metals
positions them as potent candidates for combating resistant
bacterial strains. Given the global rise of AMR and the dearth of
new antibiotics, this research is both timely and crucial for
safeguarding global public health.

The biological interactions and fate of nanomaterials are
strongly inuenced by their physical and chemical properties.
Factors including size, shape, dissolution rate, chemical
composition, surface energy, surface coating, and surface
charge play a critical role in determining how these nano-
particles interact with biological systems. Additionally, the
agglomeration state and crystal structure of nanoparticles
inuence their toxicity and therapeutic efficacy. Understanding
these parameters is important in designing nanoparticles that
achieve the desired biological outcomes, such as targeted drug
delivery or minimizing adverse immune reactions.47

Metallic nanoparticles present promising opportunities for
future nanomedicine due to their unique physicochemical
properties, such as size, surface area, and surface energy, which
enables them to interact with biological systems at the molec-
ular level. These nanoparticles have the potential to be used as
carriers for therapeutic agents, imaging agents, as well as direct
therapeutics in cancer treatment, antimicrobial applications,
and regenerative medicine. However, challenges remain,
particularly their long-term stability, potential toxicity, carci-
nogenicity, teratogenicity and ability to evade the immune
system. Additionally, developing scalable and cost-effective
synthesis methods that maintain consistency and function-
ality is essential for their translation to clinical use. Addressing
this kind of challenges could unlock the full potential of
metallic nanoparticles in nanomedicine.48

Surface functionalization of nanoparticles is a critical
process to enhances their performance and imparts unique
properties, particularly in biomedical and nanomedicine
5848 | Nanoscale Adv., 2024, 6, 5833–5852
applications. By modifying the surface of nanoparticles, it is
possible to improve their solubility, stability, and interaction
with biological systems, thus making them suitable for appli-
cations such as targeted drug delivery and diagnostics. Func-
tionalized nanoparticles exhibit higher selectivity and reduced
toxicity, which is essential for therapeutic applications.
Previous studies have shown that chemical modications
signicantly inuence the interactions between fullerenes and
proteins which may affect their antibacterial properties.49

Furthermore, this process can introduce chemical groups or
molecules that provide certain bindings to specic biological
targets, thereby increase the efficacy of the nanoparticles in
their designated roles. These advancements enable nano-
particles to be used in imaging, therapy, and as drug delivery
systems.50,51

The obtained results in this study showed promising anti-
microbial properties on both Gram-positive and Gram-negative
bacteria using modied fullerenes nanocomposite compared
with similar studies of carbon-based nanocomposites, as shown
in Table 3.
Conclusions

In conclusion, this study highlights the broad-spectrum utility
of functionalized silver-coordinated chloro-fullerenes and
copper-coordinated chloro-fullerenes as a promising avenue for
developing advanced antimicrobial agents.

Prospective investigations will also focus on further eluci-
dating their mechanisms of action to fully leverage their ther-
apeutic potential, including exploring their biocidal activity
against a wider range of microbial species, including viruses,
fungi, and other critical priority AMR bacterial stains described
by World Health Organization (WHO) in the 2024 updated
Bacterial Priority Pathogens List (BPPL).52 Finally, with any new
chemical entity, extensive biocompatibility and cytotoxicity
evaluations are important. Future efforts will be directed at
investigating Ag-C60-Cl and Cu-C60-Cl fullerenes in vivo and
exploring the incorporation of other metals to better under-
stand their potential in clinical application as a safe, alternative
antimicrobial approach.
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