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ABSTRACT

Biocompatible Carbon dots (CDs) were obtained by the CW
laser irradiation of vegetable carbon placed in a Phosphate-
Buffered Saline (PBS) solution. The carbon nanoparticles were
generated by a continuum (CW) diode laser operating at a 450
nm wavelength with T mm? spot size, irradiating the carbon
target for a few hours.

The CDs generation might be due to photothermal, and
photochemical effects induced by the prolonged laser
irradiation inducing carbon atoms ejection, scissions, radical
formation, chemical bond breaking, molecular detachment
bounded by weakly bonds and van de Walls forces.

Measurements of carbon ablation in solution, UV-Vis
spectroscopy, FTIR transmission and visible luminescence were
employed to study the CDs synthetization. The UV excitation
at a 365 nm wavelength was employed to induce visible CDs
luminescence mainlyatabout480 nm wavelength, giving tothe
emitted light a characteristic blue color. The CDs luminescence
in biocompatible solutions is presented and discussed in view
of possible applications in various sectors, such as detector
devices, matter physics, engineering, microelectronics, sensors
and, above all, in relation to bio-images from cell cultures and
biological tissue, as possible applications to the bio-medical
field.

Keywords: Carbon Dots, Nanoparticles, Luminescence, PBS,
Optical Spectroscopy, Laser Absorption Processes

INTRODUCTION

Carbon nanoparticles, nanotubes, diamond-like crystals,
pyrolytic carbon, graphene oxide, and other carbon
nanostructures are receiving more and more attention for their
peculiar properties and possible applications [1-3]. Different
techniques can be employed to prepare carbon nanostructures
such as chemical reactive processes, plasma etching, arc
discharges, chemical vapor deposition, ion sputtering, laser
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ablation, and others [4,5]. Particularly interest concerns the
preparation of carbon nanoparticles (CNPs) and carbon-dots
(CDs) using laser beams [6].

High intensity lasers operating from UV to visible and IR, using
continuum wave (CW) and pulsed waves can be focused on
to carbon targets to produce effects of atoms, molecules and
clusters removing. The irradiation can be performed in solids
placed in a vacuum, air, gases, and liquids.

The laser ablation of solid targets placed in liquids is employed
as a promising method to produce controllable nanoparticles
of different size and shape, as a function of the laser properties
and of the irradiation conditions [7]. This method generates
a vaporization at the solid-liquid interface with bubble
formation within which atoms and molecules collides
generating nanostructures released in the liquid at the bubble
explosion phase. The interest for this method of nanoparticle
preparation comes from its simple setup, controllable

dispersion concentration, economical and reproducible

technique, and use of low-cost laser sources.

The size of the nanoparticles and their distribution depends on
many parameters, such as the conditions of laser irradiation,
energy released to the target, used wavelength and intensity,
type of liquid used [8]. The nature of the liquid in which the
target is immersed is fundamental for the generation of
functionalized nanoparticles [9].

Not only ns pulsed lasers, but also CW lasers can be used to
generate small nanoparticles of the order of 1-10 nm, called
C-dots, having the characteristic to be luminescent in the
visible region under the excitation of energetic radiations,
such as X-rays and UV ones. Recently, it has been discovered
that also low energetic diode lasers with long pulse duration
(ms) may ablate carbon targets producing CDs [10].

This investigation would present the possibility to realize
CDs in a Phosphate-buffered saline (PBS) solution, with a pH
~ 7.4, commonly used in biological research, by using a CW
laser diode emitting photons at 450 nm wavelength with

an output intensity of 50 Watt. The irradiated target was
a green based material realized using a porous vegetable
carbon. The C-dots possess high blue luminescence which
has been induced by UV excitation. Due to their high
biocompatibility, minimum cytotoxicity, ultra-light weight,
ability to enter in cells by spontaneous mechanism due
to their small size, possibility to be functionalized with
different chemical groups, CDs found a vast area of interest
in Biology, Medicine, microelectronics, matter physics and

other fields. In fact, CDs can be used as drug delivery,
bioimaging, biosensors, scaffolds in tissue engineering,

cancer therapy, gene therapy, immune therapy, different
types of biomedical imaging, Raman imaging,
biosensors, tissue engineering, innovative polymer

preparation, and others.

EXPERIMENTAL SECTION

A GaAs laser diode system operating at 450 nm wavelength
(blue), in CW, 50 W output power, T mm? spot diameter,
with an intensity of 5x10® W/s cm? has been employed to
irradiate the carbon target with an incidence angle of 0°.

Vegetable carbon (Charcoal) was used as a target. Coal is a
common fuel produced by the wood carbonization process
and consists of the transformation of an organic compound
into a carbonaceous material, a process that occurs during
the burning of combustible wood, and which occurs at high
temperatures in the presence of a very low concentration of
oxygen (oxidizing agent) [11].

The charcoal composition depends on many factors, such as
the method of preparation, type of wood burned, content of
water and functional groups of oxygen and other substances,
geographic area, temperature, and others. The composition
may change also by the different methods of preparation
which may use different temperatures, oxygen concentrations
or other gases, time of treatment, environment humidity, and
other factors. Charcoal is a green material and contains varying
amounts of hydrogen and oxygen as well as ash and other
impurities that, together with the structure, determine their
final properties. The approximate composition of charcoal
can be taken from the literature that reports the following
values expressed in wt % of average concentrations [12,13]: C
=66.9%: H=4.4%; 0 =7.6%; N=1.3%;S = 1.1%; Moisture =
7.2%; Ash = 11.5%; Cl = 0.1%.

Charcoal contains many functional oxygen groups, such
as carbonyl (C=0), carboxyl (O=C-OH), epoxide (-C-O-C-),
hydroxyl (-OH), H,0, CO,, N,, and other gases.

Charcoal as an amorphous carbon structure, is strongly
porose with a porosity of the order of 65%-75%, and many
micrometric pores. This produces a low-density property,
below 1 g/cm3, generally around 0.5 g/cm? [14]. It has very
high absorbance of many gases and liquids, such as water
and biological liquids, high hydrophilicity, high absorbance of
visible light, and appears black colored, contains micrometric
particle inside the pores, has very low reactivity having
a pH near neutral [15].

Citation: Torrisi L, et al. (2024). Carbon Dots Synthetization by Intense CW Laser at 450 nm. Nanoparticle. 5(1):14.

DOI: https://doi.org/10.35702/nano.10014



Torrisi L, et al.

ISSN: 2767-0171

Its thermal and electrical conductivity are low, of the order
of 0.2 W/mK and 102 S/m, respectively [16,17]. Thus, it is a
good thermal and electrical insulator and, from the point of
view of the electrical conductivity, it is about four orders of
magnitude lower than in graphite.

Charcoal has low hardness, mechanical resistance, and
elasticity; the dynamical hardness is of the order of 20 MPa

[18].

The CW bleu laser irradiation was performed in a solution
containing deionized water and 10 X Phosphate-Buffered
Saline (PBS) solution. This last is a 10-fold concentrated blend
of phosphate buffer and saline solution with a pH = 7.4 and
RNase-free, typically used in molecular Biology [19].

The PBS solution was prepared by dissolving a 2 g PBS tablet,
purchased by Sigma Aldrich [20], in a distilled water volume
of 200 ml.

The CW laser irradiation was produced in air, at room
temperature (20°C), 1 atm pressure, and 50% humidity. The
laser is focused on a vegetable carbon target (charcoal) placed
in the PBS solution. This carbon sample has a parallelepiped
shape, 2 cm? surface, T mm thickness and a pristine mass of
about 0.12 g, corresponding to a density of 0.6 g/cm?. The
C target is placed in a glass beaker containing 4 cm?® PBS

solution. The positioning of the target in the PBS represents an
important phase for the correct ablation and CDs generation.
The C-target is first immersed in the PBS to absorb the
maximum liquid from the solution, so that left free to float a
thin layer of liquid is generated on its surface that will be laser
irradiated. This liquid allows the drainage of nanoparticles and
CDs generated by the laser ablation process towards the PBS
solution where they will be suspended.

The laser irradiation occurs on the floating target for times
from 30 min up to 2 hrs. The used experimental setup is
schematized in Figure 1a, and the setup photo is reported in
Figure 1b. The ablation crater produced by the laser ablation
after 30 min irradiation time is reported in Figure 1¢, while the
aspect of the final solution in the beaker after 2 hr irradiation
time in Figure 1d.

The pristine solution of PBS, without the carbon target, was
laser irradiated for 1 hr at the same conditions adopted
for the irradiation of the vegetable carbon in PBS to
demonstrate that it does not give luminescence and
formation of carbon nanoparticles. Moreover, the same
laser ablation of charcoal was also performed in distilled
water to demonstrate that it does not produces CDs but
only C nanoparticles without any luminescence effect.
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Figure 1. Scheme of the experimental setup (a) and its photo (b), crater produced in the carbon at 30 min

irradiation time (c) and final solution after 1 hr irradiation time (d).

Measurements of crater geometry and ablation yield, in terms
of removed mass per minute, were carried out with accuracy.

The attenuated total reflectance coupled to the Fourier
transform infrared spectroscopy (ATR-FTIR), have been
acquired using the spectrophotometer JASCO Mod. 4600
operating in the (400-4000) cm™ wavenumber region, with a

minimal resolution of about 0.7 cm™.

UV-Vis measurements have been performed using the
spectrophotometer Jasco Mod. V-750 with double beam to
evaluate the absorbance and transmittance of the prepared
CDs dispersion in the PBS solution in the (250-800) nm
wavelength range, using transparent quartz cuvettes.

The optical spectrometer Avantes AvaSpec-2048-USB2

coupledto optical fiberinput was employed for measurements
of the luminescence in the region 200-800 nm of the prepared

suspension containing the CDs. The luminescence was
investigated exciting the dispersion with an UV light source
operating at 365 nm. The UV lamp has a fluence of about 100
mJ/cm? at 10 cm distance.

RESULTS AND DISCUSSION

The analyses relative to the crater produced by the
laser ablation (see Figure 1c¢) demonstrated that in 30
minutes of continuum irradiation is produced a crater
volume of about 1.8 mm3. Assuming the vegetable carbon
density of 0.6 g/cm? as experimentally measured, the
removed carbon mass in 30 minutes irradiation time
was about 1.1 mg. Thus, the measured ablation yield is of
about 36 pg/min, corresponding to a number of ablated

atoms per minute of 1.8x10" C atoms.

Assuming the CDs to have a spherical shape with 1T nm radius
and the density of the amorphous carbon of 2.44 g/cm?, their
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mass corresponds to about 1.02x102°g. Thus, the ablation yield
would correspond to a production of approx. 3.5x10" CDs/
min. However, some micrometric particles are also produced
by the laser ablation and probably also C nanoparticles bigger
than 10 nm could be produced, thus it is reasonable to expect
that only 10% or less of the ablated carbon goes to form CDs,
decreasing their production at a value of about 3.5x10™ CDs
per minute, or a little less. A confirmation of this percentage
was given by the measure of the residual mass of the
micrometric particles obtained by the liquid filtering process
through micromembranes.

The vegetable carbon used as a target has been submitted
to ATR-FTIR spectroscopy to have information on the oxygen
functional groups present in its structure, responsible of high

IR absorption. Figure 2 reports the ATR-FTIR spectrum relative
to the vegetable carbon used as a laser irradiation target.

Such a spectrum confirms that different oxygen functional
groups are present in the carbon sample. Here are evident
the hydroxyl (-OH), carboxylic (C=0), carbonylic (O=C-OH),
epoxydic (-C-O-C), carbon nitride (C-N) and other groups.
The matrix also contains water, and diffused gases, such as
hydrogen, oxygen, and nitrogen.

The transmittance is high and in the wavenumber region
higher than 2000 cm™ the average transmittance is of about
98 %, except for the strong absorbent peaks due to the C=C at
1542 cm™, and the C=N, C=0, -C-O-C, C-N and C-O peaks in the
region 2200-1320 cm™, in agreement with the literature [6,21].

FTIR, Vegetal Carbon

Transmittance (%)

o A——

Cc=C

3500 3000 2500

2000

T 5 T X T ) T
1500 1000 500

Wavenumber (cm ')

Figure 2. ATR-FTIR spectrum of the vegetable carbon target.

The high photon intensity released by the CW laser to the
target irradiation of the vegetable carbon produces different
phenomena, such as heating inside the crater volume, single
and multiple photon absorption, radical generation, atomic
and molecular detachment, carbon atom collisions and
nucleation, and others. Multiple photon absorption enhances
the electron energy transferring it from the valence band to
the conduction one, generating ionization processes, free
radicals and breaking of chemical bonds, molecular scissions
and removing of weakly bonded carbon molecules [22].

Such processes generate carbon nanoparticles in the PBS
solution (from nm to micrometric sizes) and nanometric CDs,
which can be detected by their visible luminescence under
UV excitation lamp, in agreement with previous experiments
reported in the literature [6,10,22,23].

The CDs in the PBS solution have been investigated using as
an exciting source a UV lamp centered at 365 nm wavelength,
having about 10 nm full-width-of-half-maximum (FWHM),
and detecting the visible luminescence trough a fiber
(300 nm diameter) transporting the light to the Avantes
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spectrophotometer operating in the region 200-800 nm. The
CDs suspension appears transparent to the white visible light
and blue-colored under UV irradiation. Fig. 3 shows a photo

of the solution under visible light (@) and under UV light
irradiation (b).

Figure 3. Set up for CDs luminescence induced by UV lamp (a) and blue light suspension

emission under UV irradiation (b).

Figure 4 shows a spectra comparison between the UV
lamp emission (a), the background emission of the cuvette
containing only the PBA solution under UV irradiation (b), the
luminescence emitted from the CDs suspension in PBS under
UV excitation produced by 45 min (c) and 2 hr laser irradiation
time (d).

The CDs luminescence induced by UV excitation growths
with their concentration, i.e. with the laser irradiation time
of the vegetable carbon target in PBS solution. It shows a
significant peak at 474 nm wavelength (blue color) and two
minor lateral peaks at about 450 nm and 520 nm. The
central emission at 474 nm has a width (FWHM) of about
+10 nm.

The CDs luminescence peaks induced by UV is well
reproducible and grows about linearly with the CDs
concentration, i.e. with the CW laser irradiation time of the
vegetable carbon target in PBS.

The UV photons exciting the CDs luminesce have 3.39 eV
energy, while the luminescence emits photons at 2.61 eV
energy. Such data indicate that the UV photons are absorbed
by molecular electrons in valence band, that acquire sufficient
energy to pass into the conduction band. Here, in a time
less than 102 s decay spontaneously in the valence band

or in states of surface levels generated above the valence
band, as defects and intermediate level traps, emitting
characteristic luminescent photons [24].

Literature reports that the CDs luminescence can be due
to three phenomena: surface state, carbon core state, and
molecular state [24].

The surface state is due to the surface functional oxygen
groups connecting with the carbon backbone, which control
the electron structures and energy level by hybridization. The
luminescence can be adjusted by altering types and contents
of surface functional groups or the heteroatoms doping.

The carbon core state refers to the n—m* electron transitions
of the conjugated sp2 domains. The size of the isolated sp2
subdomain determines the light emission luminescence of
CDs15.

The molecule state refers to the molecular fluorophores or
their aggregates, which are connected with CDs dominated
by the fluorescence, and it generally endows CDs with a
strong photoluminescence and a high photoluminescence
quantum yield, referred to the number of emitted photons per
absorbed photon.
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Figure 4. Comparison between the UV lamp emission (a), the background coming from the
pure PBS under UV excitation (b) and the CDs luminescence produced by 30 min (c) and 1 hr
(d) laser irradiation time.

The CDs luminescence induced by 365 nm UV lamp grows with  the luminescence intensity (counts) at 474 nm versus the CW
the laser irradiation time of the target. The plot comparison laser irradiation time of the carbon target with experimental
reported in Fig. 5a shows a very good proportionality between  errors of the order of 4%. The light yield is well proportional to
the laser irradiation time and the CDs luminescence yield in  the laser irradiation time, i.e. to the CDs concentration in the
the (400-600) nm wavelength region. Fig. 5b reports the plotof ~ PBS liquid.
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Figure 5. CDs luminescence spectra induced by 365 nm UV lamp versus wavelength and CW

laser irradiation (a) and luminescence intensity linearity with the CW laser irradiation time (b).

The absorbance measurements have been done using the UV-
Vis spectroscopy in the region 250-700 nm wavelength both
on the PBS pure solution and in the CDs suspension in PBS
solution contained in quartz cuvettes.

Figure 6 shows the result of the absorbance measurements
in the CDs suspension in PBS, at 30 min, 60 min and
120 min CW laser irradiation of the vegetable carbon
target. The absorbance spectra show a low absorbance in

the visible region 400-800 nm, where the suspension is
transparent, and a significant absorbance in the near UV
250-350 The
exponentially going form about 250 nm up to 400 nm,

region nm. absorbance  decreases
showing some discontinuity at about 362 nm, due to
nanometric structures highly absorbent the UV radiation,

according to the literature [25,26].
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Figure 6. UV-Vis Absorbance (a) of the CDs suspension in PBS, at 30 min and 60 min CW laser

irradiation of the carbon target versus the wavelength.

In agreement with the literature [27,28], the CDs suspension
in PBS absorbance has a trend decreasing exponentially from
short wavelengths (~ 250 nm) to about 500 nm, and a near
constant absorbance very low in the region 500 nm-800 nm.

Molecular electronic transitions take place when electrons
in a molecule are excited from one energy level to a higher
energy level that can be determined by UV-V is spectroscopy.
In carbon molecules, the promotion of an electron from a
orbital to an antibonding m* orbital is denoted as a m — n*
transition. The absorbance discontinuity at about 362 nm may
be due to m — m* transitions involving the aromatic C=C sp2
carbon bonds, and the C=0 chemical bonds. Such transitions
correspond to double bonding electron oscillation along the
bond axis. However also the n— m* transitions may occur as
result of the lone-pairs vibrating out of plain, due to surface
level states above the valence band form which the transition
with the conduction bans may occurs [29].

Some literature reports that the shoulder at 362 nm in the
UV-vis spectroscopy may be due to the existence of n—m *
transition of C=C and C=0 bonds [30]. The carbonyl groups
are assumed to be formed on the surface of CDs during the
carbon nucleation under laser ablation and C=C due to the
graphitic type of structure [28,29,31].

According to the literature, the CDs in liquids with a larger
diameter (~ 10 nm) generally emit a larger wavelength, with
colors such as orange or red, while the CDs with a smaller size
(~ 2 nm) emit shorter wavelengths, with colors such as violet

or blue [32]. Thus, the blue colored luminescence that we
have detected is expected for CDs with a size less than 10 nm
but greater than 2 nm, a size which will be investigated using
transmission electron microscopy and discussed in the next

paper.

Let's now talk about some important applications that the
CDs synthesized by us with the laser ablation technique could
have.

The luminescence obtained by CDS in suspension in PBS can
be employed in many scientific fields. Matter structure physics,
radiation dosimetry, microelectronics, sensors, chemistry,
biology and medicine, represent some of the fields where it
could be specific applications.

CDs can be generated for sensors of metallic ions, such as for
Cu?, Hg?*, and 02- [33-35]. The produced photoluminescence
can be employed for the detection of specific molecules in a
given sample, for example NO, [36], and H,S [37], and others.

The CDs luminescence may give useful information for
medicine and biology because it localizes specific tissues and
cell membranes and cytoplasm and depends on the pH value
in biological solutions, which may intensify or quenching the
luminescence intensity, and may be employed for bioimaging
[38].

Moreover, literature reports that carbon nanoparticles and
CDs interacting with biological environment may furnish
a luminescence depending on the chemical reactions in
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organismes, i.e., on the metabolic phases and could distinguish
the metabolism of cancer cells by the healthy cells, giving
bioimaging rich in micro-biological information [39,40].
Thus, CDs luminescence bioimaging permits to distinguish
functional cells from degenerated ones permitting to
discovery damaged cells using nonionizing radiations but
only visible or near UV exciting light to induce their bio-
luminescence images.

CONCLUSIONS

Vegetable carbon is a green compound with high

biocompatibility and possesses peculiar properties in

medicine and biology, such as its strong absorbent

behaviour  towards  specific  toxins, poisons, and
dangerous substances. For example, the vegetable charcoal
has the ability to retain on its surface liquids, gases, bacteria,
present in the
and CDs

maintain such properties and can be employed to detoxify an

pathogens, toxins and viruses

gastrointestinal tract. Carbon nanoparticles
organism, to absorb dangerous substances or specific
poisons. Carbon nanoparticles and CDs can be used in
bioimaging, sensing, and therapy, having low cytotoxicity,
high water solubility, high photostability, and tunable
excitation wavelength-dependent emission properties and
permitting to map the tissues where degeneration and

dysfunction occur.

CDs synthesis has been obtained using a CW GaAs diode
laser operating at 450 nm irradiating vegetable carbon
immersed in a PBS solution at room temperature for
different times from 30 min up to 120 min. The long-
prolonged irradiation time produces CDs from photo-
thermal and photo chemical effects with ejection of carbon

atoms and molecules bonded by weak van de Walls forces.

The measured ablation yield is of about 1.8x10" C
atoms/minute.

Blue coloured CDs luminescence has been obtained
by irradiating the CDs with UV radiation at 365 nm
wavelength, however, it is expected that also other
radiations such as far UV, soft X-rays and energetic
electrons may produce such luminescence, but measures

must be taken in this direction.

The (CDs luminescence was investigated with a
sensitive spectrophotometer  indicating a  good
proportionality of the quantum yield with the laser

ablation time, i.e. with their concentration in the PBS

solution.

UV-Vis spectroscopy has evinced that possible n—n* and n- m*

transitions may be responsible of the blue observed
luminescence that in turn seems to suggest the formation
of CDs with sizes less than 10 nm but greater than 2 nm.

Further
the
synthetized CDs size and to evince the possibility of using

investigations are in progress to understand

mechanism of CDs formation, to measure the

such biocompatible luminescent solutions in the biological
field for luminescence in specific cell cultures.
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