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Carbon nanomaterials are ground-breaking two-dimensional materials with a wide range of applications because of their unique
properties, which include excellent optical, electrical, thermal, and mechanical capabilities; biocompatibility; and inexpensive
large-scale production costs. In this study, carbon nanostructural materials (CNMs) were effectively generated using a pulsed
laser ablation method on a graphite target immersed in deionized water, and their cytotoxicity and antibacterial activities were
evaluated. Lasing pulse duration, ns (1064 nm) with different laser energies (60-220 mJ), was employed for irradiating the
target. The formation of CNMs was analyzed using Fourier transform infrared spectroscopy, which demonstrated that C-H,
C-C, C-0, and C=C bonds were successfully formed. TEM micrographs observed CNM formation with a spherical shape and
size ranging from 20 to 90 nm. The absorbance was measured using UV-Vis spectroscopy; it increased with increasing laser
energy showing two broad shoulders around 210 and 305nm. Thereafter, the antibacterial activity was tested against
Escherichia coli and Staphylococcus aureus using the agar method. The results indicated that CNMs fabricated at laser energy
220 mJ have the highest activity against both strains and have presented inhibition zone (IZ) of about 34 + 1.0 mm in S. aureus
and 31 + 1.5mm for E. coli. A comparison with CNMs prepared at 160 mJ showed an IZ of 14 mm for S. aureus and of 12 mm
for E. coli due to synergistic impact, while the cellular material release analysis displayed increased release with respect to the
time of exposure due to inhibition of bacterial growth.

1. Introduction

Nanostructured materials have recently attracted scientists’
interest due to their distinct properties when compared to
bulk materials [1]. Therefore, these nanomaterials can be
applied in different fields including solar cell [2], optoelec-
tronic [3], catalyst [4], sensor [5], and medicines [6]. Differ-
ent production techniques have been used for nanostructure

material formation such as hydrothermal synthesis [7, 8],
chemical vapor deposition method [9], chemical method
[10], spray pyrolysis [11], sputtering [12], and sol-gel [13]
which relies on the requirements and the kind of materials.
Among them, pulsed laser ablation in liquid has been
employed in creating a wide range of nanostructured mate-
rials with different shapes and sizes, related to laser features
such as energy, wavelength, and pulse duration [14-16].
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FIGURE 1: A schematic set up for CNM synthesis via PLAL.

Carbon nanostructure materials (CNMs) have gotten a lot of
attention recently because of their important function in a
variety of industries [17-20]. This is due to their exceptional
properties, which include being nontoxic, biocompatible,
photochemically stable, and emitting intense and size-
dependent optical photoluminescence. Furthermore, due to
their easy surface functional groups such as carbonyl, alco-
holic hydroxyl, amine, ester, and amide, CNMs can be
applied as therapeutic agents [18]. Many researches have pre-
pared these materials and used them in different applications.
Escobar-Alarcon et al. [21] used the 532 nm Nd: YAG laser to
ablate graphite target in deionized water and displayed the
effect of laser fluence on colloidal properties. Researchers
have recently focused their efforts on various CNM synthesis
methods and medicinal applications such as anticancer activ-
ity and side effects [22, 23]. Numerous studies have been con-
ducted on the effect of nanomaterials on bacteria, but more
research is needed to better understand the effects of CMNs
on pathogenic bacteria, as well as the mechanism of CMN§s’
exact effect on bacteria. As a result, the goal of this study
was to use the pure laser ablation liquid (PLAL) technique
to synthesize CNMs at various concentrations and examine
their cytotoxic effect on cell viability as well as their antibac-
terial activities.

2. Materials and Methods

2.1. Preparation of CNMs. A Q-switched pulsed Nd: YAG
laser operating at 1064 nm wavelength with pulse repetition
rate 1 Hz and pulse duration 9 ns (laser beam spot size = 2.06
mm) was utilized for ablating the graphite target submerged
in the deionized water (D-W). The graphite pellet of a
purity of 99.91% (from national spectroscopic electrodes
co.) with diameter = 5mm was put at the bottom of a glass
vessel containing 3 mL of D-W. The laser energy was rang-
ing from 60 to 220m]J at 75 pulses. Figure 1 shows the
experimental setup of the preparation process. The target
was rotated continuously during the ablation process to
have uniform ablation.

2.2. Characterization of CNMs. The mass concentration was
calculated according to the following equation:

AM

Mass concentration = —————,
Liquid volume

(1)

where AM is the amount of ablated target mass (AM) which
was calculated by the difference between the weight of the
target before (m1) and after (m2) the laser ablation for each
condition [16]. The vibrational structure was explored via
Fourier transform infrared (FTIR, Shimadzu, Japan) spec-
troscopy investigation. This study was done in the spectral
wavelength ranging 2000-400cm™ in a room temperature.
The shape and size of prepared samples were determined
using a Transmission Electron Microscope (TEM) (H-7100,
Hitachi Ltd., Tokyo, Japan). Double-beam ultraviolet-
visible (UV-Vis, Shimadzu, Japan) spectroscopy was
employed to measure the absorption spectrum peak in the
range between 200 and 400 nm at ambient temperature into
a quartz cell with 1 cm optical path.

2.3. Antibacterial Activity of CNMs. CNMs were tested for
their antibacterial properties against E. coli and S. aureus
using agar well diffusion assay. About 20 mL of Muller-Hin-
ton (MH) agar was poured into sterile Petri dishes. The bac-
terial species were collected from their stock cultures using a
sterile wire loop. After spreading E. coli and S. aureus, using
the tips of a sterile micropipette, wells with a diameter of
6 mm were punched in the agar media. Then, after combin-
ing them with a vortex, CNMs at different conditions 60, 80,
160, and 220 m] were added to the wells. The cultured plates
were incubated for 24 hr at 37°C. The antibacterial activity of
CNMs was measured by measuring the diameter of the inhi-
bition zone. All tests were performed three times, with
deionized distilled water serving as a negative control.

2.4. Test of Cellular Material Release. The sterile media of
peptone water were used to display the test of cellular mate-
rial release; the medium was injected with the two strains.
CNMs were introduced to the tubes after a 24-hour
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FIGURE 2: CNM mass concentration synthesized via PLAL at various laser energies.
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F1GURE 3: FTIR spectra of CNMs produced by PLAL at various laser energies.

incubation period. After becoming treated for 0, 30, 60, 120,
180, and 240 minutes, the samples were then centrifuged for
three minutes at 3500 RPM, and the optical absorbance peak
was measured at 550 nm. The findings of the examination
were recorded as a percentage of absorbance of cellular
material at a wavelength of 550 nm throughout time.

2.5. Statistical Analysis. Statistical Package for the Social
Sciences (SPSS) was utilized to analyze data. The mean +
standard deviation of triplicate measurements and a one-
way variance analysis (ANOVA) were used to conduct data
analysis, and the significant difference was set at p <0.05.

3. Results and Discussion

Figure 2 shows the mass concentration of CNMs as a func-
tion of the laser energy, these CNMs were generated via

PLAL of graphite in DIW at 75 pulses with change of the
laser energy from 60 to 220 mJ. It was found that the con-
centration of NPs increases as laser energy increases, mean-
ing that more heat can be transferred to the target, resulting
in an increase in surface temperature and the evaporation of
a significant amount of surface target. A nonlinear scenario
emerged when the laser pulse energy exceeded 160 mJ. The
concentration of CNM:s will no longer increase linearly with
laser energy. An increase in mass rate, suggesting a shift in
the vaporization region, could be linked to the presence of
a large number of target droplets in the plume created in
the surrounding liquid [24].

Figure 3 displays the spectra of FTIR of CNMs prepared
with various laser energies, from all spectra; a peak at
~1630cm™" was indicated for stretching vibration of C=C,
while the C-C stretching vibration bond peak was observed
at ~1290cm™ [25]. These findings revealed the production



4 Journal of Nanomaterials

60 mJ
18
9]
< 15
=
g 12
9]
g
= £ 9
» A
=S $ S 6
iy £
L sl § 3
0
6 8 10 12 14
200
— Diameters (nm)
80 m]J
3
2
E
a,
9]
=]
<
=]
S
]
oy
0
=
5]
Z
10 20 30 40 50 60 70 80 90
200Inm| Diameters (nm)
160 mJ
]
2
5
B 5
A g
€ 5
g
£
=
=3
Z
2
200815 Diameters (nm)
220 mJ 12
3
2
|
a,
19)
g
- : =]
3 _ 8
- g
Ha)
£ 2 S
- " w =
,t’ =
ﬂ %, . 20 30 40 50 60 70 80 90100110120130
200 nm

s

FIGURE 4: TEM micrographs and size distribution of CNMs synthesized with different laser energies.

Diameters (nm)

of carboxyl groups in the obtained CNMs. Furthermore, there ~ folding of C-H that occurs in water between carbon and
is a broad and vigorous characteristic band around ~715cm™.  hydrogen atoms, and a weak band of C-OH stretching vibra-
Furthermore, there is a broad and vigorous distinctive band ~ tion group has appeared at ~1346 cm™. Finally, a small peak
around 715cm™ [26]; this is analogous to the aromatic plane of C-0O stretching mode was shown at ~1174 cm™ [27].
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Figure 4 shows TEM micrographs and size distributions
for CNMs created by PLAL at various laser energies. It was
observed that CNMs prepared at 60 mJ] have a spherical
shape form with a dimension of 5-13 nm. Additional TEM
micrographs show a significant appearance of nanomaterial
(CNM) aggregation at higher laser intensity due to the elec-
trostatic attractive attraction between them, which was pro-
duced due to the electric double layer on the nanomaterials’
surface [28]. Pulsed laser ablation of graphite is a photother-
mal operation. The increase in target temperature caused by
the laser pulse results in melting of material and, finally,
ejection of ablated amount from the target’s surface. In the
case of graphite, this can result in the ejection of CNMs.
Because of the liquid environment effect, the surrounding
liquid medium has a substantial effect of confinement, which
slows the rate of expansion. As a result of this hit, a thick
species forms inside the plasma, which is accompanied by
a rapid drop in heat. The strong heat diffusion of these very
compact molecules can cause collisions, aggregations, and
the synthesis of new structures. Also, the micrographs
proved that at low energy, small nanomaterials with narrow
size-distribution were obtained; but at high energy, the
nanoparticle size distribution width clearly increased. Low
energy promotes material eradication via evaporation,
resulting in the formation of nanomaterials from evaporated
atoms with a uniform size distribution.

The produced carbon nanomaterials synthesized by
PLAL had their UV-visible absorption spectra measured at
wavelengths spanning from 200 to 500nm. The spectrum
of absorption peaks of CNMs produced at various laser
intensities is illustrated in Figure 5. The UV-visible spectrum
of colloidal CNMs revealed a continuous spectrum between
200 and 420 nm, with two distinct shoulders approximately
210 and 305nm related to m—m * of C-C transition and
m—m * of C=0 electronic transition. The carboxyl group
was created on the surface of CNMs during the pulsed laser
ablation in D-W, whereas C-C could be synthesized imme-
diately from the graphite core [29].

It is noticeable that the UV-Vis absorption spectrum
increased with increased laser energy, indicating that the
synthesis rate of CNMs increased with laser energy, which
is consistent with the concentration analysis investigations.
Furthermore, due to the saturation condition of NP suspen-
sions, absorption of CNMs produced at 160 mJ was higher
than that of CNMs produced at 220m] (Figure 5). These
findings demonstrated that laser energy alters the concentra-
tion and size of CNMs in colloidal suspensions [30]. Figure 6
illustrates the antibacterial effect of CNMs generated by PLA
at various laser energies against E. coli and S. aureus using
the agar well diffusion approach.

The inhibitory effect on the bacterial growth of CNMs
increased as their concentration increased, with an IZ of
about 34 £ 1.0mm in S. aureus and 31 + 1.5mm for E. coli.
CNMs created with higher laser intensity demonstrated a
stronger antibacterial effect against both bacterial strains.
Interestingly, rather than the size of NPs, the concentration
of CNMs was the key component that controlled the anti-
bacterial action in the current investigation. Although the
size of CNMs made at 220 m] was larger than that of CNMs
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FiGure 5: UV-visible spectra of CNMs fabricated by PLAL at
different energies.

made at lower laser energies, the greater inhibitory effect was
attributed to the high concentration of such energy.

It was also noticeable that these CNMs had the great-
est antibacterial effect against gram-positive bacteria, but
gram-negative bacteria appeared to be more resistant to
a wider spectrum of antimicrobial agents than gram-
positive bacteria. Gram-negative bacteria are more resis-
tant to antibiotics because their cell walls are more com-
plicated. The cell wall of gram-negative bacteria is made
up of a thin peptidoglycan layer that is covered by an
outer membrane. The gram-negative bacteria’s outer mem-
brane is generally resistant to hydrophobic chemicals like
NPs [31].

The antimicrobial property of nanomaterials is influ-
enced by a variety of variables, including their size, surface
functionalization, composition, and bacterial strains. The
size of carbon nanostructure materials is one of the most
important factors influencing their antibacterial impact; that
is, increasing the surface area of nanomaterials by reducing
their size improves their interaction with microscopic organ-
isms [19]. Both physical and chemical procedures are
combined in the antibacterial activities of CNMs. These
nanomaterials can cause structural and morphological dam-
age to the cell membrane of bacterial strains in the physical
realm, while chemical interactions between carbon nanoma-
terials and bacteria’s surfaces may result in the creation of
harmful chemicals such as reactive oxygen species (ROS),
putting the organism under oxidative stress [32]. Figure 7
shows the absorption of cellular material release analysis of
E. coli and S. aureus exposed to CNMs with 60, 160, and
200 m] laser energy. The optical density of bacterial cells
subjected to the produced nanomaterials showed an
increased release of cellular components at 560 nm as the
exposure duration increased. Figure 7 shows that CNMs cre-
ated at 220m] have the strongest action on bacteria com-
pared to CNMs generated at other laser energy and the
effects quickly following nanomaterial treatment. These
nanomaterials became more active as the concentration
increased with increased laser intensity. Our findings
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demonstrated that nanomaterials interacted on the cytoplas-
mic membrane, increasing membrane permeability [33].

4. Conclusions

Aspherical carbon nanomaterials of different sizes have been
successfully achieved by pulsed laser ablation in the liquid
method. This is proved by FTIR and TEM investigations.
UV-Vis measurements showed an increase in the absor-
bance of carbon nanomaterials with increasing laser energy.
CNDMs revealed that high antibacterial activity against E. coli
and S. aureus with the best antibacterial impact was for
CNMs created at 220m]. The difference in the activity is
due to the higher concentration and the synergetic effect of
carbon NPs.
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