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Abstract: Background: We reported for the first time the preparation of carbon nano-
dots/cajuput oil (C-dots/CJO) composites for potential antibacterial applications.

Methods: The C-dots were synthesized from CJO distillation wastes via the low carbonization
method. Then, the C-dots were mixed with CJO to obtain C-dots/CJO composites. The charac-
teristics of the C-dots were determined using UV-Vis, PL, TRPL, FTIR, and HRTEM, whereas
the C-dots/CJO composites were characterized using UV-Vis and FTIR.

Results: Antibacterial properties were investigated for samples of C-dots, CJO, and C-dots/CJO
with no-light, white light, and UV/violet light treatments. The C-dots produced cyan lumines-
cence with a decay lifetime of 6.54 ns. Based on the antibacterial tests, the C-dots/CJO compo-
sites have DIZ higher than the pure C-dots.

Conclusion: The C-dots/CJO composites reached the highest DIZ of 3.6 nm under white light,
which was attributed to the photodynamic effect and photodisinfection of the C-dots and CJO,
respectively. Hence, the C-dots/CJO composites can be potential antibacterial agents against E.

coli bacteria.

Keywords: Antibacterial activity, C-dots/CJO composites, carbon nanodots, cajuput oil, low carbonization method, cajuput oil

distillation wastes.

1. INTRODUCTION

Microorganisms, such as bacteria, can be a threat to hu-
man health. Bacteria can enter our body through various sur-
faces, e.g., food and water [1,2]. Pathogenic bacterial infec-
tions and their uncontrolled proliferation can cause serious
illnesses in humans, such as tuberculosis, cholera, and men-
ingitis. However, some bacteria are resistant to the existing
conventional antibiotics, e.g., methicillin-resistant Staphylo-
coccus aureus (MRSA), vancomycin-resistant Enterococcus
faecium (VRE), and Streptococcus pneumoniae [3,4]. There-
fore, antibacterial technology that is more effective in sup-
pressing and fighting bacterial growth is needed. Presently,
nanotechnology is taking center stage in the development of
antibacterial agents, e.g., carbon nanodots (C-dots) and gra-
phene quantum dots (GQDs) [3,5,6].
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C-dots are zero-dimensional (0D) nanoparticles having
diameters from 1 nm to 10 nm, which consist of core and
surface states [7]. The core consists of sp® or sp’ carbon
structures, which show graphitic or amorphous carbon forms
[8]. On the other hand, the surface state consists of function-
al groups or polymers, such as carboxyl, hydroxyl, and
amines, which can provide good solubility properties so that
they are easily combined with other materials [9]. C-dots
have other excellent properties, such as strong absorption in
UV regions, high luminescence, good biocompatibility, and
non-toxicity [4,10,11]. The properties produced by C-dots
depend on the synthesis method and the precursors used. The
preparation of C-dots can be carried out by electrochemical
methods, hydrothermal treatment, microwave-assisted, and
low-temperature carbonization [11-15]. In addition, various
precursors, such as watermelon peel, granulated sugar, and
spinach, have been successfully prepared into C-dots
[11,15,16].

Facile synthesis and various excellent properties have
made C-dots continue to be developed and applied in various
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fields, such as bio-imaging, biosensors, drug delivery, and
antibacterial agents [3,6,8]. For antibacterial application, C-
dots are combined with other substances to form composites.
C-dots composites produced are C-dots with antimicrobial
reagents, e.g., H,O,, Na,CO;, and AcOH, C-dots with anti-
biotic ciprofloxacin, and a combination of C-dots with anti-
bacterial quaternary ammonium compound lauryl betaine
(BS-12). These combinations can increase the inhibition ef-
fectiveness against Escherichia coli (E. coli) Dbacteria
[3,6,17]. Hence, the antibacterial properties of C-dots are
stronger and more effective when combined with other anti-
bacterial agents, known as synergistic activity against bacte-
ria [18]. In addition, the antibacterial properties are also in-
fluenced by the concentration of the C-dots solution. Anoth-
er advantage based on the excellent luminescence property
of C-dots is their photodynamic effect. This latter property
may be used for strengthening the antibacterial activity of
the C-dots [19].

Natural antibacterial substances that can resist the growth
of microorganisms in living tissue (antiseptic) are phenolic
crystals, which can be found in cajuput oil (CJO) [20]. Apart
from phenolics, CJO contains other chemical compounds,
such as monoterpene, linalool, terpinene, terpineol, and cin-
eol, which also have antibacterial properties. The kinetics of
the antibacterial activity of CJO against E. coli, Bacillus ce-
reus, and S. aureus has been studied by determining the reac-
tion orders [21]. The antibacterial activity of CJO has also
been studied against aflatoxigenic strains of Aspergillus fla-
vus for food preservative applications [22]. Moreover, CJO
has been used as an external topical medicine, such as a re-
liever for itching and fever [23].

CJO is obtained through the distillation process of the
leaves and stems of the cajuputi (Melaleuca cajuputi) plant.
The CJO distillation process is shown in Fig. (1). Hence, the
high consumption of CJO causes an increase in leaf and stem
wastes of CJO distillation [24], as indicated by the red ar-
rows in Fig. (1). The solid waste is usually used as fertilizer
or dumped because it is no longer used. Furthermore, liquid
waste is also produced in the distillation process, as indicated
by the blue arrow in Fig. (1). Therefore, in this study, we
propose a method of processing this solid waste into func-
tional materials, i.e., C-dots. In addition, the resulting C-dots
could be combined with CJO-producing C-dots/CJO compo-
site to enhance the antibacterial activity of C-dots.

In this study, we report the preparation and characteriza-
tions of C-dots/CJO composites for potential antibacterial
applications. As per our knowledge, the combination of C-
dots and CJO has not been explored so far. The characteris-
tics of the C-dots and C-dots/CJO composites are determined
by means of ultraviolet-visible (UV-Vis) spectroscopy and
Fourier transform infrared (FTIR), whereas the C-dots are
further characterized using photoluminescence (PL), time-
resolved photoluminescence (TRPL), and high-resolution
transmission electron microscopy (HRTEM). The antibacte-
rial properties of the C-dots/CJO composites are tested
against E. coli bacteria by the diffusion method treated with
no light, white light, and UV/violet light. The antibacterial
activity is indicated by the diameter of the inhibition zone
(DIZ) of the samples.
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2. MATERIALS

The wastes were obtained from a local CJO factory in
Yogyakarta, Indonesia. This factory processes cajuput plants
by utilizing 18 tons of fresh twigs and leaves to become CJO
through a distillation process. This distillation process pro-
duces solid (red arrows in Fig. (1)) and liquid (blue arrows in
Fig. (1)) wastes. The instruments used for characterizations
were UV-Vis spectrophotometer Shimadzu UV-Vis 2450,
FTIR Thermo Nicolet Avatar 360 IR, HRTEM model FEI
Tecnai G2 F20 200 kV, PL, and TRPL. The PL and TRPL
MayP112615 Spectrum 2068 used a picosecond 420 nm la-
ser from PicoQuant, a MAYAPro2000 spectrometer from
Ocean Optics, and TCSPC PicoHarp 260 photon detector
from PicoQuant.

The source of the white light and UV/violet light was a
portable light emitting diode (LED) UV blacklight flashlight
with 11.7 cm in length, 16 cm in diameter, and a power of 5
W. Finally, the E. coli bacteria was purchased from the Med-
ical Faculty of Universitas Gadjah Mada, Indonesia.

solid waste

\\\ NN .l. '
dried dried  liqud |}

leaves branch waste

cooler

Fig. (1). The CJO distillation process producing solid and liquid
wastes. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

3. EXPERIMENTAL SECTION

The solid wastes from the CJO distillation process were
sorted out since only the leftover cajuput leaves would be
used for the C-dots production. The leaves were dried for a
few days in the sun and then pounded into powder. The
powder was then carbonized at 230 °C for 60 minutes in an
oven. Afterward, the powder was further ground in order to
get a very fine powder. Then, 3.0 g of the powder was dis-
solved in 100 mL of deionized (DI) water and stored for four
days. Finally, the mixture was filtered using filter papers
with a diameter of 110 um in order to obtain the C-dots dis-
persion.

The C-dots dispersion was mixed with CJO and Tween
80. The volume ratio of C-dots, CJO, and Tween 80 was 3:
1: 1. The mixture was then heated at 40 °C and stirred for 10
minutes until it became homogenous. Hence, the C-dots/CJO
composites were obtained.

The C-dot samples were characterized by means of UV-
Vis, PL, TRPL, FTIR, and HRTEM. Furthermore, the C-
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dots/CJO sample was characterized using UV-Vis and FTIR.
The Shimadzu UV-Vis 2450 spectrophotometer was em-
ployed to determine the C-dots and C-dots/CJO composites
absorption spectra. The PL and TRPL tests were carried out
to determine the emission wavelength and electronic decay
lifetime of the C-dots, respectively. The PL and TRPL spec-
tra were recorded by an avalanche photodiode controlled by
Picohard260 software. For this measurement, we used a
pulsed laser with a fast 40 MHz repetition rate. The FEI
Tecnai G2 F20, 200 kV HRTEM, having a resolution of 0.16
nm with carbon coated 300 mesh copper grid, was utilized to
determine the average diameter of the C-dots. The FTIR
Thermo Nicolet Avatar 360 IR was used to determine the
functional groups in the C-dots and C-dots/CJO composite
samples.

The antibacterial activities of C-dots, CJO, and C-
dots/CJO composites toward E. coli were measured using the
diffusion method. In the first stage, the bacterial culture was
grown in nutrient agar (NA) and nutrient Broth (NB) media.
The bacteria were then cultured in a medium on a petri dish.
Afterward, paper discs were immersed in the samples for 15
minutes. After soaking, the paper discs were placed on the
solidified NA media and were put in a sterile room at 37 °C.

Three petri dishes were then given different treatments,
i.e., one petri dish was put in a dark location (no light), and
the other two petri dishes were exposed to white light and
UV/violet light, respectively. The antibacterial activity of the
samples was determined by the DIZ formed by each sample,
i.e., C-dots, CJO, and C-dots/CJO composites. The DIZ
measurements were carried out three times for each sample
using a caliper, then the mean DIZ was determined. These
measurements were taken every three hours for 24 hours.
The results were analyzed to determine the DIZ in prevent-
ing the growth of E. coli.

4. RESULTS AND DISCUSSION

The absorption and luminescence characteristics of the
C-dots sample are shown in Fig. (2). It can be observed that
C-dots have one absorption peak at 214 nm and a low shoul-
dering peak at 280 nm. The absorption peaks at 214 nm and
280 nm show electronic transitions of # — z* of the C=C
functional group [10,25]. Moreover, the PL spectrum of the
C-dots sample shows an emission peak at 515 nm, which
then broadens in the range of 500 nm - 570 nm, indicating
cyan luminescence, as shown in the right-inset of Fig. (2)
[6,11,15,26].

Another verification of the existence of C-dots is provid-
ed by the TRPL spectrum given in Fig. (3). The spectrum
shows the decay lifetime of the C-dots excited by a picose-
cond laser at 420 nm. This decay lifetime shows the amount
of time for electrons to move back from the z or surface state
to the highest occupied molecular orbital (HOMO) [27]. The
TRPL spectrum (blue graph in Fig. (3)) is the observed de-
cay lifetime of the C-dots sample, which is a very short time
duration, i.e., 25 ns. The TRPL spectrum was then fitted us-
ing multi-exponential decay, which started from 2.375 nm
until 25.00 nm. The result shows that the decay lifetime of
the C-dots is 6.54 ns, which is a typical decay lifetime for a
fluorescent material, such as C-dots.
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Fig. (2). Absorption and luminescence spectra of the C-dots. (4

higher resolution / colour version of this figure is available in the

electronic copy of the article).

Furthermore, the functional groups contained in the C-
dots sample can be identified using the FTIR spectrum, as
shown in Fig. (4). It can be observed that there are three
functional groups contained in the C-dots sample, namely
C=C at 163543 cm’', C-H at 2065.49 cm”, and O-H at
3438.63 cm™. The C=C functional group indicates the core
of C-dots, while C-H and O-H functional groups designate
the surface state of the C-dots [28,29].
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Fig. (3). The decay lifetime of the C-dots sample. (4 higher resolu-
tion / colour version of this figure is available in the electronic copy
of the article).

The size of the C-dots sample is determined from the
HRTEM image, as shown in Fig. (5a-left). The C-dots are
indicated by the black spots on the figure (the yellow arrow).
Moreover, it can also be seen that the C-dots are not evenly
distributed in the sample. The histogram distribution of the
C-dots diameters is shown in Fig. (Sb-right). The figure
shows that the mean C-dot diameter is 2.88 nm. Further-
more, the average diameter of the C-dots is 2.9 nm, which is
a typical diameter of C-dots, i.e., between 1 nm to 10 nm
[30].
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Fig. (4). IR spectrum of the C-dots. (4 higher resolution / colour
version of this figure is available in the electronic copy of the arti-
cle).

The C-dots/CJO composite consisted of a yellowish color
solution, as shown in the inset of Fig. (6). Moreover, com-
pared to the pure C-dots in Fig. (2), the C-dots/CJO solution
is murkier, due to the addition of the CJO. To verify the for-
mation of C-dots/CJO composite, the UV-Vis and FTIR
characterizations were performed. A comparison of the UV-
Vis spectra of C-dots, C-dots/CJO composites, and CJO
samples can be seen in Fig. (6). It can be seen that the pure
C-dots spectrum is different from both CJO and C-dots/CJO
composite spectra. The pure C-dots spectrum has one ab-
sorption peak and one shouldering peak, whereas CJO and
C-dots/CJO samples have two absorption peaks and one
shouldering peak, respectively. The C-dots/CJO composite
spectrum is similar to that of CJO but exhibits shifts in its
absorption peaks.

Counts (%)
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The C-dots, C-dots/CJO, and CJO samples exhibit the
first absorption peaks at 214 nm, 232 nm, and 234 nm, re-
spectively. As previously explained, the peak at 214 nm in-
dicates the existence of the core of C-dots. For CJO, the ab-
sorption peak at 234 nm indicates an electronic transition of
the -CHO bond, which is an aromatic compound of benzal-
dehyde. It is known that benzaldehyde is one of the com-
pounds in CJO. The first absorption peak of the C-dots/CJO
composite is between the first peaks of CJO and C-dots spec-
tra, which means that the first peak of the C-dots/CJO com-
posite contains the absorption characteristics of the C-dots
and CJO, i.e., an electronic transition of the C=C bond [31].
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Fig. (6). Absorption spectra of the C-dots, CJO, and C-dots/CJO
composites. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

The second absorption peaks for the C-dots/CJO and
CJO samples appear at 272.5 nm and 274 nm, respectively.
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Fig. (5). C-dots images using HRTEM. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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The absorption peaks at a wavelength of 250 nm to 280 nm
indicate an electronic transition from benzene and its deriva-
tives, including various aromatic compounds, such as phe-
nolics, which are contained in CJO [31]. Furthermore, these
phenolic compounds in the C-dots/CJO composite may also
act as an additional surface state of the C-dots.

The IR spectra of the C-dots, CJO, and C-dots/CJO sam-
ples are shown in Fig. (7). It can be observed in Fig. (7) that
the C-dots/CJO composite spectrum is similar to the CJO
spectrum in the region of 400 cm™ to 1500 cm™. On the oth-
er hand, the region of 1500 cm™ to 4000 cm™ of the C-
dots/CJO composite spectrum is similar to the C-dots spec-
trum. This means that the IR spectrum of the C-dots/CJO
composite is a combination of the IR spectra of the C-dots
and CJO. In the IR spectrum of CJO, the functional groups
of O-H, -CH,, C=0, -CHj;, and C-O are detected. The —CH,
bond is one of the constituents of limonene compounds,
while the -CHj; bond represents linalool, cineol, and pinene
compounds [32]. On the other hand, C-dots/CJO composite
contains functional groups of O-H at 3423.30 cm™, C-H at
2069.35 em™, C=C at 1637.39 cm™, and also -CH; and C-O.
The C=C bonds identified in the C-dots/CJO composite
show the existence of the C-dots, while the -CH; and C-O
bonds are CJO compounds, which form the surface state of
the C-dots.
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Fig. (7). IR spectra of the C-dots, CJO, and C-dots/CJO. (4 higher
resolution / colour version of this figure is available in the electron-
ic copy of the article).

In order to investigate the antibacterial property of the C-
dots/CJO composite, the antibacterial test was conducted.
The measurement of the antibacterial activity of C-dots,
CJO, and C-dots/CJO samples was performed using the dif-
fusion method. The images of the DIZ for each sample are
shown in Fig. (8). The white cloud-like substance covering
most of the petri dishes in Figs. (8a-8¢) is the E. coli colony.
The DIZ is the area where the E. coli bacteria cannot pene-
trate the paper discs. It can be observed that all samples
showed inhibition zones with different values of DIZ.
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Furthermore, the DIZ values also differ depending on the
illumination treatment, as can be observed in Table 1. In the
treatment without light (in the dark), the DIZ values pro-
duced by the C-dots, CJO, and C-dots/CJO samples were
1.83 mm, 3.03 mm, and 2.00 mm, respectively (Fig. 8a).
Afterward, under the white light treatment, the DIZ values
produced by the samples (in the same order) were 1.87 mm,
2.23 mm, and 3.60 mm, respectively. Finally, under
UV/violet light treatment, the DIZ values produced by the
samples were 2.07 mm, 2.4 mm, and 2.73 mm, respectively.
In the treatment without light, the highest DIZ value was
achieved for CJO, while in the white light and UV/violet
treatments, the C-dots/CJO composite had the highest DIZ
value. Under the condition of no light, CJO was found to
contain more antibacterial organic compounds, increasing its
antibacterial activity. Exposing white light and UV/violet
light to the C-dots and C-dots/CJO composite made the sam-
ples more active because of the photodynamic effect; hence,
they exhibited higher antibacterial activities [19,33]. For
each treatment, except for under no light conditions, the C-
dots/CJO composite showed the highest DIZ value, indicat-
ing that the addition of CJO increased the antibacterial activ-
ity of C-dots. However, the DIZ category produced by each
sample is still classified as having low response [34], as the
preparation of the composite is not optimized.

C-dots CJO C-dots/CJO
~

4 :

2]

Fig. (8). Antibacterial activities of C-dots, CJO, and C-dots/CJO
composite exposed to no light (a), white light (b), and UV/violet
light (c) against E. coli bacteria. (4 higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article).

C-dots prepared from watermelon and pomegranate
peels, i.e., W-Cdots and P-Cdots, respectively, displayed
DIZ values of 12 mm and 14 mm, respectively, against E.
coli at a volume of 5 uL. At a volume of 80 pL, the resulting
DIZ values of W-Cdots and P-Cdots reached 19 mm and 24
mm, respectively [35]. On the other hand, the C-dots pre-
pared from Gum Arabic (GA) exhibited a DIZ value of 1.1
mm against E. coli [17]. The C-dots were then conjugated
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Table 1. The DIZ of the samples against E. coli.

DIZ Under Various Light Sources
(mm)
. Antibacterial
Material Without
) White | UV/Violet | Response[34]
Light Light Light
(Dark) g g
C-dots 1.83 1.87 2.07
CJO 3.03 2.23 2.40
Low
C-
dots/CJO 2.00 3.60 2.73
Table 2. DIZ comparison of various C-dots samples.
Material DIZ (mm) References
C-dots Under UV/Violet Light 2.07 Current
C-dots/CJO Under White Light 3.60 Study
(5 uL) 12.0
W-Cdots
(80 uL) 19.0
[35]
(5 uL) 14.0
P-Cdots
(80 uL) 24.0
C-dots from GA 1.00
C-dots/ciprofloxacin 2.50 [17]
Ciprofloxacin 2.60

with ciprofloxacin, which increased the DIZ value to 2.5
mm, while the pure ciprofloxacin displayed a DIZ value of
2.6 mm. Here, the highest DIZ value was shown by C-
dots/CJO composite exposed to white light, i.e., 3.6 mm,
which was higher than the DIZ of C-dots conjugated with
ciprofloxacin but lower than the DIZs of W-Cdots and P-
Cdots. The DIZ comparison of various C-dots samples can
be observed in Table 2.

Several known mechanisms are attributed to the antibac-
terial abilities of the samples in this study, i.e., membrane
cell damage and photodynamic inactivation effect and/or
photodisinfection (PD) [36-38]. For the condition of no light
(dark), the antibacterial mechanism depends upon the ability
of the samples to damage the membrane cell of the E. coli
bacteria. In this study, C-dots, CJO, and C-dots/CJO parti-
cles disrupted the cytoplasmic membrane of the bacteria
causing intracellular material losses [38]. Furthermore, the
highest DIZ obtained by the C-dots/CJO composite could be
attributed to the photodynamic effect and PD of the C-dots
and CJO, respectively, working in a synergetic fashion when
exposed to visible light. The visible light exposed to the C-
dots and CJO caused photo-excitations. The redox pairs were
produced after photo-excitation and contributed to killing
bacterial cells by generating reactive oxygen species (ROS)
[19]. Hence, the DIZ value of the C-dots/CJO composite was
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higher when exposed to white light. Moreover, the DIZ of
the C-dots/CJO composite exposed to white light was found
to be higher than the DIZ of the C-dots/CJO composite ex-
posed to UV/violet light. This indicates that the whole spec-
trum of visible light contributed to the combined photody-
namic effect and PD of the C-dots/CJO composite by pro-
ducing more ROS than the UV/violet light alone.

CONCLUSION

C-dots and C-dots/CJO composite were successfully pre-
pared from the wastes of the CJO distillation process. The
resulting C-dots produced cyan luminescence with a decay
lifetime of 6.54 ns. Based on the antibacterial tests, the DIZ
value of the C-dots/CJO composite was higher than the pure
C-dots. The C-dots/CJO composite reached the highest DIZ
of 3.6 nm under white light. The antibacterial activities of
the C-dots/CJO composite were observed to be more effec-
tive when exposed to white and UV/violet light treatments,
which was attributed to the photodynamic effect and PD of
the C-dots and CJO, respectively. Although the DIZ obtained
in this study is categorized as a low response, the C-dots and
C-dots/CJO composite can be antibacterial agents against E.
coli. Hence, further studies should be conducted to optimize
the volume ratio of the C-dots and CJO in the composite in
order to produce optimum DIZ against E. coli bacteria. An-
other interesting study may be conducted by using varying
bacteria being tested against the C-dots/CJO composite.

LIST OF ABBREVIATIONS

0D = Zero-dimensional

C-dots = Carbon Nanodots

CJO = Cajuput Oil

DI = Deionized Water

DIZ = Diameter of Inhibition Zone

FTIR = Fourier Transform Infrared

GA = Gum Arabic

GQDs = Graphene Quantum Dots

HOMO = Highest Occupied Molecular Orbital

HRTEM = High-Resolution Transmission Electron
Microscope

IR = Infrared

LED = Light Emitting Diode

MRSA = Methicillin-resistant Staphylococcus aure-
us

NA = Nutrient Agar

NB = Nutrient Broth

P-Cdots = Pomegranate Carbon Nanodots

PL = Photoluminescence

TRPL = Time-resolved Photoluminescence

uv = Ultraviolet

UV-Vis = Ultraviolet-visible
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VRE = Vancomycin-resistant Enterococcus faeci-
um
W-Cdots = Watermelon Carbon Nanodots

P-Cdots

Pomegranate Carbon Nanodots
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