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Carbon nanoparticles (CNPs) were successfully prepared in pure water and nonionic surfactant aqueous solutions 
by a liquid laser ablation method. CNPs were obtained from micron-sized carbon black powder by laser irradiation 
(Nd:YAG, SHG) in a solvent. The prepared CNPs were evaluated by scanning electron microscopy, dynamic light 
scattering, UV-visible spectrophotometry, fluorescence spectrophotometry, Raman spectrophotometry, and Fourier 
transform infrared spectrophotometry. CNPs prepared by laser irradiation showed reduced secondary particle size 
compared to the raw materials, making them suitable for biomedical applications; CNPs exhibited blue and green 
fluorescence, and the blue to green fluorescence intensity ratio The D/G ratio of the CNPs increased slightly, 
suggesting the presence of MO-PEG on the particle surface. Therefore, the prepared CNPs are useful for estab-
lishing highly accurate bioimaging using dual fluorescence.   
Keywords: carbon, nanoparticles, surfactant, laser process, dual fluorescence 

 
1. Introduction 
Nanomaterials with excellent physical and chemical prop-

erties are dealt with in a wide range of fields such as science, 
engineering, and medicine, and are used in numerous prod-
ucts to support people's lives. Among them, nanomaterials 
called quantum dots are commonly known as nanoparticles 
with sizes smaller than the exciton Bohr radius [1], and their 
high photostability and long fluorescence lifetime have been 
investigated for applications in optical and electrical devices 
[2, 3]. Semiconductor quantum dots fabricated from conven-
tional group II-VI and III-V semiconductors such as cad-
mium selenide CdSe and indium phosphide InP can repro-
duce various colors due to the quantum size effect, and ex-
hibit upconversion emission by two-photon excitation, their 
application to bioimaging has been investigated [4, 5, 6]. 
However, heavy metals such as cadmium and selenium used 
in semiconductor quantum dots are known to cause acute 
and chronic toxicity in humans and other vertebrates [7, 8], 
and Peter H. M. Hoet et al. have demonstrated that surface 
carboxylated CdSe/ZnS core-shell quantum dots in mice and 
found that the surface carboxylated CdSe/ZnS core-shell 
quantum dots had a prothrombogenic effect [9]. In addition, 
indium and selenium are known as rare metals, and the issue 
of high production costs in countries with scarce reserves of 
these metals has been raised [10, 11]. 
Carbon quantum dots (CQDs) are the first carbon-based na-

nomaterials obtained by electrochemical processing of sin-
gle-walled carbon nanotubes [12], and their unique structure 
and properties have led to their investigation for applications 
in chemical sensors [13], biosensors [14], photocatalysis 
[15], electrocatalysis [16]. CQDs have attracted much atten-
tion even now, more than 10 years after their first report [17, 
18, 19] and are expected to be a promising alternative to 
semiconductor quantum dots due to their excellent optical 
properties, such as high quantum yield and excitation wave-
length-dependent fluorescence. Compared to conventional 

semiconductor quantum dots, CQDs have superior biocom-
patibility and water solubility, which has led to active re-
search on their application, especially in the biomedical field 
[20, 21]. Huang et al. studied the distribution of CQD in the 
body, the rate of its extracorporeal elimination, and the ef-
fect of injection site on the accumulation of CQD and found 
that intravenous injection resulted in the fastest CQD elimi-
nation [21]. 
The synthesis pathway of CQDs can be divided into two 

types: bottom-up and top-down methods. The bottom-up 
method obtains CQDs by thermal treatment of organic mol-
ecules such as citric acid and urea, and includes microwave 
[22], hydrothermal [23], and pyrolysis [23] methods. CQDs 
were prepared by dissolving citric acid monohydrate in wa-
ter and hydrothermally treating it at 300°C for 2 hours in a 
stainless-steel autoclave [23]. The bottom-up method has 
also been reported to produce CQDs from familiar organic 
materials such as glucosamine [24], orange juice [25], and 
chicken eggs [26]. The preparation of CQDs by the bottom-
up method often requires high temperature, high pressure, 
and long time for the reaction to proceed completely, plus 
post-treatment to extract unreacted components. On the 
other hand, the top-down method produces CQDs from car-
bon materials such as graphite and carbon nanotubes, and is 
fabricated by arc discharge [12], chemical oxidation [27], 
electrochemical methods [28], and pulsed laser ablation in 
liquid. 
Pulsed laser ablation in liquid (PLAL) was first reported in 

1987 by Ogale, Patil et al. to obtain nanoparticles by irradi-
ating a metal target in liquid with a high-power Q-switched 
pulsed ruby laser [29, 30], and a tablet-like solid, called a 
target, immersed in a solvent The first report of nanoparti-
cles obtained by irradiating a tablet-like solid called a target 
immersed in a solvent or in suspension is a physical method 
to obtain nanoparticles through the interaction between the 
laser and the material by irradiating the target with the laser 
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[31, 32]. (i) A portion of the laser pulse reaches the target 
surface, and the electrons are converted into plasma in the 
laser target, then producing a plasma plume composed of at-
oms, electrons, and ions. (ii) The continuous laser pulse 
causes the plasma plume to adiabatically expand, and a va-
por layer is formed around the plasma plume by energy 
transfer to the surrounding liquid, resulting in the formation 
of cavitation bubbles. (iii) Repeated expansion and compres-
sion of the cavitation bubble causes rapid cooling and con-
traction of the plasma plume, resulting in the release of na-
noparticles. PLAL has the advantages of controlling the size 
of nanoparticles by controlling parameters such as wave-
length, pulse width, fluence, and irradiation time [33], fabri-
cation at ambient temperature and pressure and in an oxygen 
atmosphere [33], and obtaining highly crystalline nanoparti-
cles [33, 34]. In the first report on CQDs fabrication by 
PLAL, G.-W. Yang et al. successfully fabricated nanodia-
monds by irradiating a polycrystalline graphite target in pure 
water with a 532 nm Nd:YAG laser for 30 min [35]. Since 
then, there have been many reports of fabrication from 
multi-walled carbon nanotubes [36], graphite [37], and car-
bon black [38]. 

In this study, CNPs with blue and green dual emission 
properties were prepared in a one-step process by PLAL us-
ing aqueous polyethylene glycol monooleate (MO-PEG), a 
nonionic surfactant registered as a quasi-drug additive in Ja-
pan[39], as a solvent and carbon black as a suspension. The 
CNPs were prepared by irradiating a suspension of carbon 
black with a non-focusing horizontal Nd:YAG laser. The 
CNPs produced were within the EPR effect range (10 nm < 
Φ < 200 nm), which is important for medical applications of 
nanoparticles, and were of a size that was not affected by in 
vitro discharge from the kidney (< 10 nm) or liver (> 500 
nm) (EPR effect: phenomenon in which angiogenesis caused 
by cancer cell proliferation creates a space of 10-200 nm in 
the vessel wall; controlling the nanoparticles in this range 
allows them to selectively accumulate in cancer cells) [40, 
41, 42]. In addition, CNPs showed differences in the inten-
sity ratio of blue to green emission depending on the MO-
PEG concentration. Although previous studies have in-
volved acid treatment of nanoparticles after laser ablation 
[43] and laser ablation of carbon materials in organic sol-
vents such as ethanol and acetone to produce CQDs with
monochromatic emission [44, 45, 46], the process reported
here is simpler in operation and a new fabrication method
for CNPs that is biocompatible in that it is composed of ma-
terials that have little impact on the human body in addition
to being simple to operate.

2. Experimental section
2.1 Materials
Carbon black (particle size < 100 nm) was purchased from

Sigma-Aldrich Co. (USA) and polyethylene glycol
monooleate (MO-PEG) from FUJIFILM Wako Pure Chem-
ical Co. (Japan). Pure water was purified from Simplicity®
UV by Merck Millipore. All reagents were used without pu-
rification.
2.2 Preparation of nanoparticles
4 mg of carbon black and solvent were placed in a square

container (soda glass, transparent) and irradiated with a hor-
izontal unfocused laser for 30 minutes. The laser was an
Nd:YAG laser (Continuum, Powerlite 8010, wavelength

532 nm, pulse width 5-7 ns, repetition rate 10 Hz, fluence 
600 mJ/cm2). The solvents used were 20 mL each of pure 
water and 0.003, 0.006, and 0.012 vol% MO-PEG. The car-
bon black was irradiated by laser while stirring with a mag-
netic stirrer to prevent precipitation and agglomeration of 
carbon black. After laser irradiation, the product was filtered 
through a syringe filter (glass fiber, pore size 1 um, AZ 
ONE) to remove unreacted material. 

2.3 Instruments and Characterizations 
Particle shape and size were evaluated using a scanning 

electron microscope (SEM, Hitachi High-Tech Co., S-4800) 
and dynamic light scattering (DLS, Horiba, Ltd., nanoPar-
tica SZ-100V2) SEM is a copper STEM grid coated with a 
100 mesh carbon support film DLS was measured with 3 mL 
of sample solution in a 4-sided transmission plastic cell at a 
wavelength of 532 nm and a detector angle of 90°. 
Optical properties were evaluated using a UV-Vis spectro-

photometer (UV-Vis, JASCO Co., V-670) and a spectroflu-
orometer (PL, Hitachi High-Tech, F-7000). UV-vis spectra 
were measured in a 3 mL quartz cell with a dilution the sam-
ple solution of 10 times with pure water, 1 nm resolution, 2 
nm band width, scanning speed For PL spectra, 3 mL of 
sample solution was placed directly in a quartz cell and 
measured at an excitation wavelength of 360 nm, a scanning 
speed of 240 nm/min, slits width on the excitation and fluo-
rescence sides of 5 nm, and a PMT voltage of 400 V. 

Composition and surface analysis were measured with a 
Raman microscope (Horiba, Ltd., XploRA PLUS) and a 
Fourier transform infrared spectrophotometer (FT-IR, SHI-
MADZU Co., IRPrestige-21). Raman spectra were meas-
ured by depositing solid samples obtained by freeze-drying 
nanoparticle-dispersed solution to remove solvent (TOKYO 
RIKAKIKAI CO., LTD., FDU-1200) for several days on 
glass slides at a wavelength of 532 nm, exposure time of 20 
seconds, grating 600 gr/mm, integration frequency of 2 
times, and attenuation filter of 10%. FT-IR was also meas-
ured by depositing samples after freeze-drying on prisms 
and Apodize function Happ-Genzel, 40 integration times, 
resolution 4 cm-1. 

3. Results and Discussion
SEM images of the nanoparticles resulting from laser irra-

diation of the raw material and carbon black suspension in
pure water at different fluences are shown in Fig. 1, and their
respective particle size distributions are shown in Fig. 2. The 
raw material consisted of aggregated spherical particles,
with a primary particle size of 33 ± 9 nm and a secondary
particle size of 5 ± 2 um (Fig.1 (a), Fig.2 (a)). After laser
irradiation in pure water, spherical particles agglomerated as
in the raw material, 75 mJ/cm2: 40 ± 9 nm, 150 mJ/cm2: 44
± 9 nm, 300 mJ/cm2: 33 ± 8 nm, 600 mJ/cm2: 45 ± 10 nm
(Fig.1. (b-e), Fig.2. (b-e)). The primary particle sizes, the di-
mensions of the smallest unit of particles, of the nanoparti-
cles prepared in pure water were almost the same as those of
raw materials.
SEM images of nanoparticles obtained by laser irradiation 

of carbon black suspensions in MO-PEG aqueous solutions 
of different concentrations with a laser fluence of 600 
mJ/cm2 are shown in Fig. 3 and their respective particle size 
distributions in Fig. 4. The nanoparticles obtained by laser 
irradiation in MO-PEG aqueous solution were like those 
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prepared from raw materials and pure water, with aggregates 
of spherical particles, 0.003 vol%: 39 ± 8 nm, 0.006 vol%: 
41 ± 8 nm, and 0.012 vol%: 38 ± 9 nm (Fig. 3 (a-c), Fig. 4 
(a-c)). Comparing the primary particle size with that of the 
raw material shown in Fig. 1 (a), the nanoparticles obtained 
from the raw material and in aqueous MO-PEG solution 
were almost equal in size, indicating that fragmentation of 
the raw material did not occur in laser irradiation of carbon 
black suspension in MO-PEG solution as well as in pure wa-
ter. It became clear that no fragmentation of the raw material 
occurred. 
In a previous study, irradiation of approximately 50 nm 

nanocarbon material with a vertical unfocused laser (wave-
length of 532 nm, repetition rate of 30 Hz, pulse width of 8 
ns) at a fluence of approximately 0.4 J/cm2 for 30 minutes 
did not cause fragmentation and produced core-shell struc-
tures [47]. This is considered to be carbon onions and hollow 
carbon nanoparticles produced by laser annealing to carbon 
black, which are considered to be precursors in the fabrica-
tion of carbon nanoparticles by PLAL [48, 49]. Recently, it 
has been reported that fragmentation of carbon nanoparticles 
of about 100 nm to 5 nm was achieved by irradiating a hor-
izontal unfocused laser (wavelength 532 nm, repetition rate 
10 Hz, pulse width 10 ns) with a fluence of about 0.26 J/cm2 
for 3 hours [50]. The primary particle size of the raw mate-
rial used in this study was about 33 nm and the laser fluence 
was up to 0.6 J/cm2, which may indicate that the size and 
fluence of the raw material were sufficient for fragmentation 
to occur. Therefore, it is inferred that the primary particle 
size reduction did not occur because the light and heat en-
ergy supplied by the laser was consumed or diffused into the 
solvent by the sublimation and graphitization of carbon at-
oms inside the carbon black and the melting of carbon black 
particles by the short laser exposure time [48]. 
DLS measurements of nanoparticles obtained by laser irra-

diation of carbon black suspensions in pure water and in 
aqueous MO-PEG solutions are shown in Fig. 5. (Fig. 5 (a)). 
On the other hand, nanoparticles produced at different MO-
PEG concentrations with a laser fluence of 600 mJ/cm2 
showed a nearly constant secondary particle diameter of 
about 100 nm (Fig. 5 (b)). In all results, the secondary parti-
cle diameter is smaller than that of the raw material (about 4 
um). 
SEM was observed and measured in solid and DLS in liq-

uid, the agreement between SEM and DLS particle diame-
ters indicates that the particles are dispersed in the solvent 
nanoparticles prepared in this study was approximately  

twice that of the primary particle size, suggesting that the 
CNPs exist in aggregation in the solvent, although they are 
progressively finer from micron order to nanometer order. 
This may be due to the small primary particle size of the raw 
material, as in the SEM results, and the fact that the heat and 
light energy supplied by the laser was consumed by the sub-
limation and melting of the carbon atoms, or by diffusion 
from the particle surface into the solvent. The particle size 
of the prepared CNPs was also found to meet the guideline 
of 10 nm to 200 nm for medical applications, as they are 
easily absorbed by cancer cells and are not excreted out of 
the body through the kidney or liver. 

The UV-Vis spectra of nanoparticles obtained by laser ir-
radiation of carbon black suspensions in pure water and in 

Fig. 2 (a) Size distribution of raw material (b-e) nanoparti-
cles obtained by laser ablation in pure water. Fluence: (b) 75 
mJ/cm2, (c) 150 mJ/cm2, (d) 300 mJ/cm2, (e) 600 mJ/cm2. 

Fig. 3 SEM images of nanoparticles by laser ablation in 
MO-PEG solution. Concentration of MO-PEG: (a) 0.003 
vol%, (b) 0.006 vol%, (c) 0.012 vol%. 

Fig. 4 Size distribution of nanoparticles obtained by laser ab-
lation in MO-PEG solutions. Concentration of MO-PEG: (a) 
0.003 vol%, (b) 0.006 vol%, (c) 0.012 vol%. 

Fig. 5 DLS measurements of nanoparticles obtained by 
pulsed laser ablation in liquid in (a) pure water (b) MO-PEG. 

Fig. 1 (a, b) SEM images of raw material, (c-f) CNPs ob-
tained by laser ablation in pure water. Fluence: (c) 75 
mJ/cm2, (d) 150 mJ/cm2, (e) 300 mJ/cm2, (f) 600 mJ/cm2. 
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aqueous MO-PEG solutions are shown in Fig. 6. All nano-
particles obtained a peak at 260 nm assigned to the π-π* tran-
sition derived from the C=C bond in the graphite structure 
[51]. In addition, at 150, 300, and 600 mJ/cm2, polyynes, a 
compound with triple conjugated bonds of carbon (Fig. 6 (b-
d)), a by-product of laser ablation of carbon materials, were 
observed at 215 nm [52, 53], and at 600 mJ/cm2, a peak at 
340 nm assigned to a carbonyl group (C=O) derived n-π* 
transition peak at 340 nm (Fig. 6 (d, e))[54]. Furthermore, 
the absorbance tended to increase with increasing MO-PEG 
concentration, suggesting that many nanoparticles were dis-
persed and present in the solvent, and that the introduction 
of MO-PEG increased the yield of nanoparticles due to the 
greater effect of steric hindrance [55, 56]. 

A plot of the relationship between ablation threshold and 
raw material particle size for the causes of the change in UV-
Vis spectral shape with different laser fluences is shown in 
Fig. 7. The spectra are based on the heating, melting, and 
evaporation model reported by Koshizaki et al. [57]. They 
worked to simplify the model previously reported by Py-
atenko et al. and expressed the laser fluence required to melt 
the material with the following equation, assuming no heat 
loss during the conversion from optical energy to thermal 
energy and no heat loss to the surroundings during the in-
crease in particle temperature [57, 58]. 

𝐽𝐽 = 2
3
𝜌𝜌𝑝𝑝∆𝐻𝐻�

𝑑𝑑
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎
𝜆𝜆 (𝑑𝑑)

   ,     (1)

where J is the laser fluence of a single pulse, d is the diameter 
of the particle, ρp is the density of the particle, Qλ

abs(d) is the 
dimensionless absorption efficiency (absorption cross sec-
tion/geometric cross section), and ΔH is the enthalpy re-
quired from room temperature to melting point. To deter-
mine the fluence required to melt a substance, the refractive 
index, enthalpy, and dimensionless absorption efficiency of 
the substance are necessary. For the refractive index and en-
thalpy, previously published values were used [59, 60], and 
the dimensionless effective absorption cross section was ob-
tained by Mie calculations, which were calculated in the pre-
sent study by using software [61], All calculations were per-
formed assuming monodisperse carbon black in water. Fur-
thermore, since graphite sublimates at high temperatures 
without melting, this plot shows the fluence required for car-
bon black to sublimate, with the upper portion being gas and 

the lower portion solid relative to the line connecting the 
plots with a straight line [61, 62]. The plots produced indi-
cate that as the particle size of the raw material increases, a 
higher fluence is required for ablation. From the results in 
Fig. 7, it can be inferred that the minimum ablation threshold 
is 137 mJ/cm2 (particle size 100 nm) and that the fused car-
bon black particles underwent evaporation, photochemical 
reactions and plasmaisation with laser irradiation above the 
threshold value, resulting in the appearance of peaks in the 
spectrum above 150 mJ/cm2, it is inferred that polyynes at 
215 nm and n-π* transition peaks at 340 nm at 600 mJ/cm2, 
which were not seen at 75 mJ/cm2 [53, 62]. 

Fig. 8 (a) shows the fluorescence spectra of nanoparticles 
obtained by laser irradiation of carbon black suspension in 
pure water and MO-PEG solution at a laser fluence of 600 
mJ/cm2, and Fig. 8 (b) shows the peak intensity ratio of the 
540 nm and 460 nm of each fluorescence spectrum. Fig.8 (b) 
shows the results of the ratio of the peak intensities at 540 
nm and 460 nm for each of the fluorescence spectra. All na-
noparticles yielded peaks at 540 nm and 460 nm, indicating 
that they have dual blue and green emission properties (Fig. 
8 (a)). The peak intensity ratio of 540 nm/460 nm depended 
on the MO-PEG concentration, indicating that blue fluores-
cence tended to be stronger than green fluorescence at higher 
MO-PEG concentrations, suggesting that the surfactant MO-
PEG affected the optical properties of the nanoparticles (Fig. 
8 (b)). Yildiz et al. used MO-PEG to study the emulsification 
and water solubilization of curcumin, which has low water 
solubility, and found that curcumin aggregated in MO-PEG 
aqueous solution, whereas when acetic acid solution was 
used instead of water, a stable emulsion was formed and cur-
cumin was dispersed, for the nanoparticles produced in this 
study, the dispersion of the particles is also expected to be 
enhanced in an acidic environment [63]. Cancer cells are 
generated by a combination of poor vascular perfusion and 
local hypoxia, and energy metabolism is carried out by the 
transcription factor HIF-1α for the purpose of proliferation 
and tissue expansion. During this process, a large amount of 
glucose is consumed to produce lactic acid, and while the pH 
of normal tissues is approximately 7.5 [64], the pH of cancer 
cells is known to be acidic, ranging from 6.0-6.5 [65]. Fur-
thermore, Shen et al. demonstrated that P-gp, a cell mem-
brane glycoprotein known to be an obstacle to drug therapy 
because it lowers intracellular drug concentrations, is inhib-
ited by polyethylene glycol derivatives, suggesting that MO-
PEG can provide highly efficient cancer cell imaging [66]. 
Therefore, the present results can realize “highly accurate & 
highly efficient” cancer cell imaging using the difference in 
pH between cancer cells and normal cells [67, 68, 69]. 

Fig. 6 (a-e) UV-Vis spectra at each fluence and concentration. 
Fluence: (a) 75 mJ/cm2, (b) 150 mJ/cm2, (c) 300 mJ/cm2, (d) 
600 mJ/cm2 (e) Expanded spectra of (d). Concentration of 
MO-PEG: (blue) pure water, (green) 0.003 vol%, (yellow) 
0.006 vol%, (red) 0.012 vol%. 

Fig. 7 (a) Relationship between particle size and ablation 
threshold value, (b) expanded spectra of (a). 
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To determine the cause of the double emission in the fluo-
rescence spectrum of Fig. 8, Raman spectra were measured. 
The results are shown in Fig. 9 (a), and the peak intensity 
ratio of the D band to the G band (D/G ratio) obtained from 
the spectrum is shown in Fig. 9 (b). The normalized spectra 
of the D- and G-bands, respectively, are also shown in Fig. 
10. The Raman spectra shows that the raw materials and the
fabricated nanoparticles exhibit a D band peak around 1340
cm-1 indicating a disordered structure of sp2 carbon clusters
and a G band peak around 1584 cm-1 corresponding to the
in-plane stretching vibration mode E2g of single crystal
graphite [70] (Fig.9 (a)). and G band intensity ratio (D/G ra-
tio) represents the ratio of crystallinity and sp3/sp2 carbon
[24]. The D/G ratio of the raw material was 1.68. After laser
irradiation, the product decreased to 0.000 vol%: 1.19, 0.003 
vol%: 0.81, 0.006 vol%: 0.63, and 0.012 vol%: 0.33 (Fig. 9
(b)). This is presumably due to the capping of MO-PEG mol-
ecules on the surface of the graphitized nanoparticles by la-
ser irradiation, which suppressed the melting of the particles
by laser irradiation and their amorphization by cooling,
thereby increasing the sp2 carbon content [71]. While the G-
band peak of the raw material was at 1584 cm-1, the fabri-
cated nanoparticles had a peak at 1565 cm-1, indicating a
negative shift in the G-band (Fig. 10). From the resonance
theory of π-electrons and polarization rates, they found that
the negative shift in the G-band originates from the phase
transition from graphite to amorphous carbon [70]. Since
there was also a change in the D/G ratio of the raw material
and the fabricated nanoparticles, it is assumed that the dis-
tortion and structural defects in the sp2 carbon in carbon
black caused by the laser irradiation were also responsible

for the present peak shift [70, 72]. 
To identify the various functional groups, present on the 

surface of the fabricated nanoparticles, FT-IR spectra were 
measured, and the results are shown in Fig. 11. The prepared 
nanoparticles exhibited C-O stretching vibration at 1000-
1040 cm-1, C-O-C asymmetric stretching vibration at 1090 
cm-1, C-OH stretching vibration at 1190 cm-1, C-H stretching 
vibration at 1350, 1456, 1590 cm-1, C=O stretching vibration 
at 1740 cm-1, C-H stretching vibration at 2910-2920 cm-1,
and OH stretching vibration peaks at 3000-3670 cm-1 [50,
73, 74, 75]. For the peaks of C=O stretching vibration and
C-O-C asymmetric stretching vibration, there is a difference
in the IR spectra between nanoparticles fabricated in pure
water and those fabricated in MO-PEG solution. The differ-
ence in these peaks indicates that MO-PEG was introduced
into the nanoparticles.

From the normalized Raman spectrum shown in Fig. 10, 
the G band at 1584 cm-1 shows a peak shift between the raw 
material and the product obtained by laser irradiation, con-
firming the distortion of the sp2 carbon. The IR spectrum 
shown in Fig. 11 also shows C-O stretching vibration and C-
O-C asymmetric stretching vibration, and these peaks are 
not seen in the raw material, suggesting that they were 
formed by laser irradiation. From the Raman spectra and IR 
spectra, it is inferred that the carbon nanoparticles contained 
C-O-C and C-OH, and ab initio calculations by Yan et al.
indicate that the epoxide (C-O-C) and hydroxyl (C-OH) of
the sp2 carbon form another energy level in the n-π* gap. It
has been shown that they can do so [76]. Zhang et al. inves-
tigated the effect of C-O-C and C-OH in carbon nanoparti-
cles on optical properties and found that the content of C-O-
C and C-OH was related to the broadening of the PL peak,
or multicolor emission of carbon nanoparticles [77].

Fig. 8 PL spectra of nanoparticles obtained at fluence 600 
mJ/cm2. (black) Only pure water without nanoparticle. Con-
centration of MO-PEG: (blue) 0.000 vol%, (green) 0.003 
vol%, (yellow) 0.006 vol%, (red) 0.012 vol%. (b) Relation-
ship between peak intensity ratio at 540 nm and 460 nm and 
MO-PEG concentration. 

Fig. 9 (a) Raman spectra of nanoparticles obtained at fluence 
600 mJ/cm2. (black) Raw material. Concentration of MO-
PEG: (blue) 0.000 vol%, (green) 0.003 vol%, (yellow) 0.006 
vol%, (red) 0.012 vol%. (b) Peak intensity ratio of G-band 
(1600 cm-1) and D-band (1350 cm-1) at each concentration. 

Fig. 10 Expanded Raman spectra of nanoparticles obtained at 
600 mJ/cm2. (a) G-band (1600cm-1), (b) D-band (1350 cm-1). 
Concentration of MO-PEG: (blue) 0.000 vol%, (green) 0.003 
vol%, (yellow) 0.006 vol%, (red) 0.012 vol%. 

Fig. 11 IR spectra of nanoparticles obtained at 600 mJ/cm2. 
(black) Raw material. Concentration of MO-PEG: (blue) 
0.000 vol%, (green) 0.003 vol%, (yellow) 0.006 vol%, (red) 
0.012 vol%. 

86



JLMN-Journal of Laser Micro/Nanoengineering Vol. 20, No. 2, 2025 

Subsequent studies showed that carbon nanoparticles with 
excellent dispersibility have a PL peak at 450 nm, and the 
PL peak shifts to 550 nm as the nanoparticle concentration 
increases. Based on this result, a model was proposed in 
which carbon nanoparticle aggregates reabsorb the blue light 
emitted by monodisperse carbon nanoparticles and emit yel-
low light [78]. Therefore, in the PL spectrum of Fig. 8, for 
the sample with a MO-PEG concentration of 0.000 vol% 
with no surfactant added, green fluorescence was seen be-
cause the carbon nanoparticle aggregates containing C-O-C 
and C-OH were abundant and blue fluorescence was ab-
sorbed. For the sample with MO-PEG, it is considered that 
increasing the MO-PEG concentration increased the effect 
of steric hindrance of MO-PEG molecules, resulting in the 
formation of more monodisperse nanoparticles and a de-
crease in the composition ratio of aggregates. Therefore, in 
addition to the formation of epoxide and hydroxy groups on 
the sp2 carbon of carbon black by laser irradiation, the for-
mation of monodisperse carbon nanoparticles due to steric 
hindrance of surfactants can be inferred as the cause of the 
nanoparticles with different optical properties obtained with 
increasing MO-PEG concentration. 

4. Conclusion
Carbon nanoparticles were successfully prepared by pulsed

laser ablation in liquid in pure water and a nonionic surfac-
tant solution. Spherical particles were obtained because of 
laser irradiation of carbon black suspended in an aqueous 
solution of polyethylene glycol monooleate, and the second-
ary particle size was reduced compared to the raw material, 
with the primary particle size being approximately 40 nm, 
which is almost constant. The secondary particle size was 
about 100 nm, indicating that CNPs existed agglomerated in 
the solvent and were suitable for biomedical applications; as 
the MO-PEG concentration increased, the amounts of nano-
particles in the dispersion increased and the absorbance in-
creased. The prepared CNPs had peaks at 540 nm and 460 
nm, and the ratio of peak intensities at 540 nm and 460 nm 
tended to decrease with increasing MO-PEG concentration. 
The intensity ratio of the D- to G-band of the raw material 
was 1.68, whereas it increased to 0.33-1.19 for the product 
after laser irradiation, and a negative peak shift of the G band 
occurred. MO-PEG-derived peaks such as C=O stretching 
vibrations and C-O-C asymmetric stretching vibrations were 
also observed. This may be due to laser irradiation-induced 
crystallization of carbon black particles (graphitization) and 
structural defects in the sp2 carbon. To the best of our 
knowledge, this is the first successful preparation of dual flu-
orescent carbon nanoparticles by pulsed laser ablation in liq-
uid under controlled surfactant concentration, and the pre-
pared carbon nanoparticles are useful for biomedical appli-
cations including bioimaging. 
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