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The synthesis of carbon nanoparticles obtained by direct laser ablation [UV pulsed laser irradiation
(248 nm, KrF)] of carbon targets immersed in water is described. Laser ablation features were opti-
mized to produce carbon nanoparticles with dimensions up to about 100 nm. After functionalization
with NH;,-polyethylene-glycol (PEG2q0) and N-acetyl-L-cysteine (NAC) the carbon nanoparticles become
fluorescent with excitation and emission wavelengths at 340 and 450 nm, respectively. The fluorescence
decay time was complex and a three-component decay time model originated a good fit (x =1.09) with
the following lifetimes: 71 =0.35ns; t,=1.8ns; and t3=4.39 ns. The fluorescence of the carbon dots is
sensitive to pH with an apparent pK, =4.2. The carbon dots were characterized by 'H NMR and HSQC and
the results show an interaction between PEG;go and the carbon surface as well as a dependence of the
chemical shift with the reaction time. The fluorescence intensity of the nanoparticles is quenched by the
presence of Hg(II) and Cu(II) ions with a Stern-Volmer constant (pH=6.8) of 1.3 x 10° and 5.6 x 10* M1,
respectively. As such the synthesis and application of a novel biocompatible nanosensor for measuring
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Hg(ll) is presented.
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1. Introduction

Quantum dots (QDs) are nanoparticles (typically between 1
and 12 nm in diameter) of semi-conducting material. Due to the
quantum confinement effects, these materials possess unique light
emitting properties, like a broad excitation spectra and a sharp
emission wavelength that can be tuned by controlling the reac-
tion time. In the last decade they have revealed to be a powerful
tool for labeling biological systems since their nanoscale size range
is compatible to most of the metabolic and internalization pro-
cesses observed in cells [1-3] and, unlike other nanoparticle-based
optical imaging probes, QDs do not exceed the protein’s size [4],
which makes them highly interesting for biological applications.
Carbon dots, show some common properties to QDs, but are car-
bon nanoparticles that through functionalization acquire strong
photoluminescence in both solution and solid state. In general, the
photoluminescence has been attributed to the presence of surface
energy traps, likely related to the abundant surface defect sites that
become emissive upon functionalization. In addition, the surface
emissive sites of the carbon dots are likely quantum confined in
the sense that a large surface-to-volume ratio is required for the
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strong photoluminescence [5-8]. With emission properties similar
to those described for the traditional cadmium based QDs, these
carbon dots represent a possibility of performing in vivo measure-
ments in a non-invasive and non-toxic manner. Moreover, carbon
dots are able to emit visible light after two-photon excitation
using near infrared light which makes them particularly interest-
ing material for the development of in vivo imaging applications
[9,10]. Since they can be functionalized with several molecules in
a number of layers accordingly with the desirable application [11],
these nanoparticles show great potential for in vivo fluorescence
sensing applications.

Herein we report a straightforward synthesis of carbon
dots by laser ablation (UV pulsed laser irradiation) of car-
bon targets immersed in water and their functionalization with
NH;-polyethylene-glycol (PEG,q) and N-acetyl-L-cysteine (NAC).
It was recently shown that using QDs capped with PEGyqg in
cultured Kkeratinocytes significantly inhibited cytotoxicity and
immune responses when compared with QDs without this capping
[12]. These results suggest that PEG coating is an effective approach
for the safe use of QDs for in vivo applications [13,14]. On the other
hand NAC is a metabolite of the sulfur-containing amino acid, cys-
teine and is produced within the human body. Metals like lead,
mercury and arsenic are detoxified and removed from the body by
NAC [15]; therefore we tested the sensitivity of the synthesized
carbon dots towards metal ions.
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2. Experimental
2.1. Synthesis and functionalization of CNP

All chemicals were purchased from Sigma-Aldrich and were
used without further purification. The ablation process was imple-
mented using UV pulsed laser irradiation (248 nm, KrF) of carbon
targets immersed in water.

The functionalization process was adapted from [16] and it is
constituted by three steps:

(i) Activation of carbon nanoparticles — 20 mL of the water solution
with the nanoparticles dispersed plus 20 mL of HNO3 (0.1 M)
were refluxed for 12 h.

(ii) Functionalization with PEG,qg - solution from (i) plus 20 mL of
PEG;go were refluxed for 28 h.

(iii) Functionalization with N-acetyl-L-cysteine (NAC) - solution from
(ii) plus 2.984 g of NAC were refluxed for 31 h. The solution goes
from colorless to yellow-brown.

The obtained carbon dots solution was extracted six times with
ethyl acetate in order to eliminate unreacted reagents. 1 mL of this
purified solution was diluted in a 100 mL flask which constituted
the sensing solution used throughout the work. For the 'H NMR
and HSQC analyses the carbon dots were dried in vacuum for 1h
before dilution with deuterated water.

2.2. pH and metal ion titrations

The pH of the sensing solution was adjusted to 5.0 £ 0.1,6.8 £ 0.1
and 8.0 £ 0.1 using phosphate buffer solutions and the addition of
micromolar quantities of all metal ions did not change this value.

Standard aqueous solutions of Hg(NO;3),, Pb(NOs3),, CdCl,,
Cu(NO3),, NiCl,, CoCl, and Zn(NO3),-4H,0 from Merck, were pre-
pared in water with concentrations of 5.00 x 10~4 M. Aliquots of
these standard solutions were added to 20mL of carbon dots
solution at pH 6.8 — 25 mL of the solution A and 25 mL of phos-
phate buffer solution at pH 6.8 - in order to obtain the following
metal ions concentrations: 1.00 x 10~7, 5.99 x 107, 1.30 x 10-5,
1.99 x 1076, 1.30 x 1076, 2.69 x 10-6 M. Hg(ll) was subjected to
a detailed analysis and a series of solutions in the range up to
3.60 x 106 M were prepared.

2.3. Instrumentation

Excitation emission matrices of fluorescence (EEM) [excitation
between 199.4 and 672.8 nm and emission between 349.7 and
719.7 nm] were obtained with a Spex 3D luminescence spectropho-
tometer equipped with a Xenon pulse discharge lamp (75W) and
a CCD detector, 0.25 mm slits and 1 s integration time were used.
Lifetime measurements were recorded with a Horiba Jovin Yvon
Fluoromax 4 TCSPC using the following instrumental settings:
368 nm NanoLED; time range, 200 ns; peak preset 10,000 counts;
repetition rate at 1 MHz; synchronous delay of 50ns; emission
detection of 550 nm. Quartz cuvettes were used.

Scanning electron microscopy (SEM) and X-ray analysis of the
three purified carbon dots were done on a FEI Quanta 400FEG/EDAX
Genesis X4M High Resolution Scanning Electronic Microscope.

NMR characterization was performed in D,O for both 'H
NMR (500.13 MHz) and HSQC, on a Bruker-AMX500 spectrometer
at 298K. PEGygp, NAC and the synthesized carbon dots were
characterized by 'H NMR spectrometry (500 MHz, D,0): PEGygo:
6=3.66-3.68 (m, 36H), 3.740-3.742 (m, 110H); NAC: §=1.99
(s, 3H), 2.89-2.91 (m, 2H), 4.53-4.56 (t, 1H); carbon nanoparti-
cles+PEGyqp: §=2.91-3.02 (m, 92H), 3.51 (m, 2H), 4.61 (s, 1H);
carbon nanoparticles + PEGygg + NAC 1h: §=1.82-1.88 (m, 7H),

3.38-3.55 (m, 264H), 3.95-4.11 (m, 11H); carbon nanoparti-
cles+PEGypp +NAC 31h: 6=1.82-1.88 (m, 15H), 2.73 (s, 5H),
3.38-3.55 (m, 376H), 3.95-4.10 (m, 15H), 4.37-4.40 (m, 4H), 8.00
(s, TH).

The size distribution of carbon dots in water was determined
by dynamic light scattering analysis using a Malvern Instruments
(Malvern, UK) Zeta Sizer Nano ZS, using disposable polystyrene cells
from Sigma.

2.4. Data analysis

Lifetime deconvolution analysis was done using Decay Analy-
sis Software v6.4.1 (Horiba Jovin Yvon). Fluorescence decays were
interpreted in terms of a multiexponential model:

0)=A+" Bexp <7%)

where B; are the pre-exponential factors and t; the decay times.
The fraction contribution (percentage of photons) of each decay
time component is represented by B;.

Although carbon dots show a polyelectrolyte behavior the vari-
ation of its fluorescence intensity resulting from the ionization
reaction can be linearized using a Henderson-Hasselbach type
equation which allows the calculation of an apparent pKj.

Imax 7I:|

I- Imin

pH:pKa-i-nlog[

where Imax and Iy, are respectively the maximum and mini-
mum of the fluorescence intensity of the acid or conjugated base
species and I is the fluorescence intensity as function of the pH.
For a polyelectrolyte the slope of the plot of pH as function of
log[(Imax — I)/(I - I;pin )], 1, is an empirical parameter usually greater
than unity [17].

In this study static quenching of fluorescence by metal ions
[M(IT)] was described using the Stern-Volmer equation:
ITO =1+ Ksy[M(II)]
where I, is the fluorescence intensity without metal ion, I is the flu-
orescence intensity observed in the presence of a metal ion and Ksy
is the static (conditional stability constant) Stern-Volmer constant
[18].

3. Results and discussion
3.1. Synthesis and morphological characterization

The synthesis of the carbon nanoparticles was performed in
deionized water using a similar but simplified strategy to one pre-
viously described [16]. The carbon targets were irradiated for 1 min
and no support method to expedite the movement of the generated
nanoparticles was used. Literature described synthesis of carbon
nanoparticles used ultrasounds and the carbon targets were irradi-
ated for several hours using a system apparatus far more complex
than the one used in this work [16,19].

A pulsed UV laser (Lambda Physik LPX 300i - 248 nm KrF) was
used to irradiate the carbon targets and a positive lens of +50 cm
of focal distance was used to change the area illuminated by the
laser. In all experiments the same energy (400 mJ) and repetition
rate (10 Hz) were used. It was also maintained the same distance
between the carbon target and the water surface and all experi-
ments occurred at room temperature.

To optimize the laser ablation procedure, the area of the irra-
diated carbon target was changed and the size dispersion of the
resulting nanoparticles was evaluated by SEM. When the distance
between the focusing lens and the carbon target was 107 cm, the
incidence area of the laser was of 348 mm? resulting in a fluence of
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Fig.1. (a) SEM image in a TEM grid and (b) DLS size dispersion of the carbon particles
produced by laser ablation.

115 mJ/cm?. In these conditions, the carbon particles obtained have
wide size dispersion — however, the most predominant are in the
hundred nanometers range. On the other hand, when the distance
between the focusing lens and the carbon target was set to 85 cm,
the laser area of incidence was 139 mm? resulting in a fluence
of 288 mJ/cm?, smaller particles were produced with dimensions
down to about 27 nm (Fig. 1a). Fig. 1b shows the DLS of the nanopar-
ticles obtained by direct laser ablation which shows two major
average size dispersions centred at values of 63 and 373 nm - the
smaller particles were probably obtained from laser ablation of the
bigger particles. Since the objective is to synthesize nanosensors
these conditions were used for further studies.

The carbon nanoparticles obtained by laser ablation are not flu-
orescent. In order to make them fluorescent it was necessary first
to activate the carbon surface by refluxing the carbon nanoparticles
in nitric acid for 12 h and, afterwards, add PEG;q. After 1h reac-
tion with PEG;qq the carbon dots exhibited a pale yellow color and
fluorescence with an emission wavelength of 565 nm. After 28 h
reaction, NAC was added to the reaction mixture and samples of
the reaction medium were taken over time in order to control the
wavelength and intensity variation. The samples taken during the
functionalization reaction showed an emission wavelength varia-
tion of 20 nm towards the red and an increase in fluorescence. The
reaction ended after 31 h when the fluorescence intensity started
to decrease which corresponded to the maximum nanoparticle size
and quantum confinement.

The resulting solution contains carbon dots functionalized with
PEGyg9 and NAC and could not be dried, limiting the possibility
of electron microscopy analysis. Alternatively, carbon dots were
characterized by NMR.
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Fig. 2. '"H NMR spectra of (a) PEGyp, (b) NAC and (c) carbon nanoparti-
cles + PEG;qo + NAC 31 h reaction time in D, 0.

3.2. NMR analysis

NMR analysis of the carbon dots were performed in D,O.
In order to follow the reaction samples of PEG,g59, NAC and
samples of carbon nanoparticles+PEG,g9 1h reaction, carbon
nanoparticles + PEGygg + NAC 1h reaction, and carbon nanoparti-
cles + PEGqg + NAC 31 h reaction were analyzed by 'H NMR (Fig. 2
and Supplementary material) and HSQC (Supplementary material).
The analysis of the evolution of the chemical shifts, and respective
multiplicity, due to PEG,p9 and NAC during the reaction time in
the presence of the carbon nanoparticles suggests the formation of
covalent bonds among all the species.

The analysis of the NMR spectra of carbon nanoparticles with
PEG;0o sample after 1h reaction shows a chemical shift to lower
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Fig. 3. Fluorescence excitation (- - -) and emission (—) spectra of the carbon dots.

values of all the signals attributed to PEG protons. This evolution of
the chemical shiftindicates a stabilization of the molecule, probably
due to the interaction between the carbon dots surface and the
PEG residue. Also the multiplet that in pure PEG (Fig. 2) appeared
well defined at 3.7 ppm is now being split into two probably due to
the proximity effect of several PEG molecules on the carbon dots
surface.

Upon addition of NAC and after 1 h reaction the signal from the
PEG and NAC protons shifted to higher values. This evolution of the
chemical shift indicates an interaction between the PEG and NAC
residues. This hypothesis is supported by the analysis of the signal
at 1.8 ppm from the R-COCHj3 that typically is a singlet but, due to
the presence of other non-equivalent protons, becomes a multiplet
(Fig. 2). After 31 hreaction it is still possible to see PEG protons that
remained at 3.9 ppm, indicating that the PEG,gg was in excess but
also that the residues that are interacting with the dots surface are
probably more stable, therefore appearing at lower chemical shifts.
The analysis of the HSQC data (Supplementary material) supported
the observations of 1H NMR.

3.3. Fluorescent properties of the carbon dots

The excitation and emission spectra of the synthesized carbon
dots functionalized with PEG;p9 and NAC are shown in Fig. 3. The
maximum excitation and emission are located at 340 and 450 nm,
respectively, with a Stokes shift of about 110 nm.

This Stokes shift is superior than the one previously reported
[13] of 70nm (excitation maximum at 420 nm and emission at
490 nm) for the carbon dots functionalized only with PEG,qq indi-
cating not only that the reaction time is important to obtain higher
emission and Stokes shifts values; but also that the presence of two
different molecules (NAC and PEG,q9) on the nanoparticles sur-
face affects the quantum yield and quantum confinement. These
variations on the emission wavelength with the reaction time sug-
gest that the carbon dots are increasing their size and that the two
functionalization molecules interact with their surface affecting the
quantum confinement [20,21].

A typical fluorescence decay time profile of the carbon dots is
shown in Fig. 4. The preliminary analysis of the decay time indi-
cates that it is complex as it shows the presence of several lifetime
ranges. Indeed, only a three-component decay time model origi-
nated a good fit (x = 1.09) with the following lifetimes: 71 =0.35ns;
7, =1.8ns; and t3=4.39ns (Table 1).

3.4. Effect of the pH and metal ions on the fluorescence of CNP

After functionalization with PEG,qo and NAC it was observed
that the fluorescence of the carbon dots was sensitive to pH (Fig. 5).
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Fig. 4. Fluorescence decay of aqueous carbon dots.
Table 1
Lifetime intensity decays of carbon dots in water?.
N 7; (ns) o fi
1 0.35(0.02) 0.0958(0.0006) 30.6%
2 1.8(0.1) 0.0263(0.0002) 42.2%
3 4.39(0.05) 0.00673(0.00005) 27.1% x=1.09

2 Standard deviation in parenthesis.

This sensitivity is marked by a decrease of the fluorescence intensity
as the pH increases and, by fitting the fluorescence intensities with
the Henderson-Hasselbach equation, it was found an apparent pK,
of 4.2 +£0.1 and a slope of 2.5. This pH behavior is reversible. Also,
as the slope is higher than unity it suggests that the carbon dots
follow a polyelectrolyte ionization.

This variation is due to the ionization of the acid groups of the
NAC residue of the carbon dots which may influence the confine-
ment energy of the nanoparticles resulting in a variation of the
fluorescence. Since the carbon dots presented sensitivity towards
the pH, when we passed on to the quenching assays it was nec-
essary to perform a preliminary study in order to determine the
appropriate pH to do such studies. For these assays it was studied
the quenching effect of Hg(Il) on the synthesized carbon dots at pH
5.0,6.8 and 8.0. At pH 5.0 a white precipitate was found which elim-
inated this pH for further studies. At pH 8.0 the intensity signal was
better than at pH 6.8, however the quenching effect on the carbon
dots was negligible, when compared to the signal observed at pH
6.8. Accordingly to these results the quenching effect of the metal
ions was performed in a buffered phosphate solution at pH 6.8. This
pH quenching dependence is due to the hydrolysis of the mercury
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Fig. 5. Variation of the fluorescence intensity of aqueous carbon dots as a function
of the pH.
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Table 2

Stern-Volmer parameters for the quenching of carbon dots by Hg(Il) and Cu(II) ions?.

Ion Ksy (M~1) Intercept R Points Concentration range (M)
Hg(II) 1.3(0.4) x 10° 0.97(0.01) 0.9719 17 1.00 x 10-7-2.69 x 106
Cu(II) 5.6(0.8) x 10* 1.0(0.2) 0.9607 6 1.00 x 10-7-2.69 x 10-6

2 Averages and standard deviation (in parenthesis) of three independent experiences. R, correlation coefficient.

ions [22]. Indeed, although the total mercury concentration is quite
low, at pH 8.0 the Hg(OH), species is quantitatively formed and the
NAC is not able to complex the mercury. At pH 6.8, the [Hg(OH)]*
species is probably the main mercury species in aqueous solution
and it is available to be complexed by the carbon dots.

Since the carbon dots were functionalized with NAC, it is
expected that their fluorescence properties would change when
they react with metal ions. Several metal ions [Hg(II), Cu(II), Cd(II),
Ni(II), Zn(II) and Ca(Il)] were tested to check if they affect the fluo-
rescence properties of the carbon dots.

As shown in Fig. 6 the carbon dots fluorescence is affected by
Hg(Il), where it is possible to observe a marked quenching effect -
the fluorescence signal decreases 25% upon addition of micromolar
concentration of Hg(Il) (2.69 x 10-% M). The addition of Cu(ll) also
provokes quenching of the fluorescence of the carbon dots but in
less extent than with Hg(Il) — about 13% decrease is observed. The
other metal ions analyzed, namely Cd(II), Ni(II), Zn(II) and Ca(lI),
show no measurable effect on the fluorescence of the carbon dots.

The quenching provoked by Hg(Il) is described as a typical
Stern-Volmer plot (Fig. 7). Table 2 presents the parameters of the
linear fitting of the quenching provoked by Hg(II) and Cu(Il). The
analysis of the Stern-Volmer plots show that they follow a linear
trend with Ksy =1.3(4) x 10° and 5.6(8) x 10* for Hg(II) and Cu(II),
respectively. This order of magnitude is compatible with the for-
mation of a quite stable complexes (static quenching) between the
NAC residues on the surface of the carbon dots and Hg(II) and Cu(II)
ions.

In order to access if the quenching effect is due to the NAC or
the PEG residue, a study was performed using the nanoparticles
functionalized only with PEG (Supplementary material) and it was
found that there is no significant fluorescence emission or intensity
variations upon addition of the same micromolar concentration of
Hg(II). As such, and as expected, the sensitivity towards Hg(II) (soft
donor) is due to the NAC residue (namely the sulfur atom - soft
acceptor) of the carbon dots.

A variety of analytical tools are commonly employed to detect
mercury in biological samples [23-27]. However while traditional
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Fig. 6. Fluorescence quenching of the synthesized carbon dots in aqueous solution
by 2.69 x 10-% M of all metal ions.

T 1
2,0x10° 3,0x10®

[Hg”V M

x T
0,0 1,0x10°

Fig. 7. Stern-Volmer plot of the fluorescence quenching of carbon dots in aqueous
solution by Hg(1II).

analytical detection methods allow detection limits in the nanomo-
lar range [28-30], they commonly do not allow time-dependent
or location-specific in vivo measurements. As the uptake and dis-
tribution of this heavy metal are not understood, highly sensitive
and non-invasive methods are needed for its detection in a living
organism.

Herein these carbon dots are of great importance due not only to
their nanometer size and fluorescence properties but also because
they can be specifically targeted in order to perform in vivo mea-
surements in a non-invasive way, thereby representing a novel
non-toxic nanoanalytical tool.

4. Conclusions

The use of direct laser ablation to produce carbon nanoparti-
cles in water rendered a wide variety of sizes accordingly with
the laser fluence. As such, by controlling the energy and incidence
area it is possible to produce particles in tens of nanometer range.
These nanoparticles can easily be functionalized using more than
one molecule and remain stable in an aqueous solution. Due to this
stability it is also possible to immobilize them in the optical fiber
devices using the sol-gel technique, which would render a specific
optical nanoanalytical sensor. The functionalization using PEG;qg
and NAC allowed us to synthesize a nanosensor sensitive to micro-
molar concentrations of Hg(Il) and Cu(II) as well as the solution pH.
Since these carbon dots are biologically inert they are a promising
solution for in vivo measurements of the mercury uptake dynamics.
However, for the in vivo analysis of metal ions further research is
needed to study the effect of biological molecules on the speciation
of the metal ions (cysteine residuals, water soluble proteins, other
anionic cellular components, etc.) in the presence of the carbon
dots.
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