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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 NH2–polyethylene-glycol (PEG200) 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 (� = 1.09) with
the following lifetimes: � = 0.35 ns; � = 1.8 ns; and � = 4.39 ns. The fluorescence of the carbon dots is
arbon nanoparticles
arbon dots
aser ablation
unctionalization
-acetyl-l-cysteine
ercury(II) sensing

1 2 3

sensitive to pH with an apparent pKa = 4.2. The carbon dots were characterized by 1H NMR and HSQC and
the results show an interaction between PEG200 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 × 105 and 5.6 × 104 M−1,
respectively. As such the synthesis and application of a novel biocompatible nanosensor for measuring

Hg(II) is presented.

. Introduction

Quantum dots (QDs) are nanoparticles (typically between 1
nd 12 nm in diameter) of semi-conducting material. Due to the
uantum confinement effects, these materials possess unique light
mitting properties, like a broad excitation spectra and a sharp
mission wavelength that can be tuned by controlling the reac-
ion time. In the last decade they have revealed to be a powerful
ool for labeling biological systems since their nanoscale size range
s compatible to most of the metabolic and internalization pro-
esses observed in cells [1–3] and, unlike other nanoparticle-based
ptical imaging probes, QDs do not exceed the protein’s size [4],
hich makes them highly interesting for biological applications.
arbon dots, show some common properties to QDs, but are car-
on nanoparticles that through functionalization acquire strong
hotoluminescence in both solution and solid state. In general, the
hotoluminescence has been attributed to the presence of surface

nergy traps, likely related to the abundant surface defect sites that
ecome emissive upon functionalization. In addition, the surface
missive sites of the carbon dots are likely quantum confined in
he sense that a large surface-to-volume ratio is required for the

∗ Corresponding author. Tel.: +351 220 402 569; fax: +351 220 402 659.
E-mail address: jcsilva@fc.up.pt (J.C.G. Esteves da Silva).

925-4005/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2010.01.031
© 2010 Elsevier B.V. All rights reserved.

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
NH2–polyethylene-glycol (PEG200) and N-acetyl-l-cysteine (NAC).
It was recently shown that using QDs capped with PEG200 in
cultured keratinocytes 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.

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:jcsilva@fc.up.pt
dx.doi.org/10.1016/j.snb.2010.01.031
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. Experimental

.1. Synthesis and functionalization of CNP

All chemicals were purchased from Sigma–Aldrich and were
sed without further purification. The ablation process was imple-
ented using UV pulsed laser irradiation (248 nm, KrF) of carbon

argets immersed in water.
The functionalization process was adapted from [16] and it is

onstituted 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 PEG200 – solution from (i) plus 20 mL of
PEG200 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
thyl acetate in order to eliminate unreacted reagents. 1 mL of this
urified solution was diluted in a 100 mL flask which constituted
he sensing solution used throughout the work. For the 1H NMR
nd HSQC analyses the carbon dots were dried in vacuum for 1 h
efore dilution with deuterated water.

.2. pH and metal ion titrations

The pH of the sensing solution was adjusted to 5.0 ± 0.1, 6.8 ± 0.1
nd 8.0 ± 0.1 using phosphate buffer solutions and the addition of
icromolar quantities of all metal ions did not change this value.
Standard aqueous solutions of Hg(NO3)2, Pb(NO3)2, CdCl2,

u(NO3)2, NiCl2, CoCl2 and Zn(NO3)2·4H2O from Merck, were pre-
ared in water with concentrations of 5.00 × 10−4 M. Aliquots of
hese standard solutions were added to 20 mL of carbon dots
olution at pH 6.8 – 25 mL of the solution A and 25 mL of phos-
hate buffer solution at pH 6.8 – in order to obtain the following
etal ions concentrations: 1.00 × 10−7, 5.99 × 10−7, 1.30 × 10−6,

.99 × 10−6, 1.30 × 10−6, 2.69 × 10−6 M. Hg(II) was subjected to
detailed analysis and a series of solutions in the range up to

.60 × 10−6 M were prepared.

.3. Instrumentation

Excitation emission matrices of fluorescence (EEM) [excitation
etween 199.4 and 672.8 nm and emission between 349.7 and
19.7 nm] were obtained with a Spex 3D luminescence spectropho-
ometer equipped with a Xenon pulse discharge lamp (75 W) and
CCD detector, 0.25 mm slits and 1 s integration time were used.

ifetime measurements were recorded with a Horiba Jovin Yvon
luoromax 4 TCSPC using the following instrumental settings:
68 nm NanoLED; time range, 200 ns; peak preset 10,000 counts;
epetition rate at 1 MHz; synchronous delay of 50 ns; emission
etection of 550 nm. Quartz cuvettes were used.

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

NMR characterization was performed in D2O for both 1H
MR (500.13 MHz) and HSQC, on a Bruker-AMX500 spectrometer
t 298 K. PEG200, NAC and the synthesized carbon dots were

haracterized by 1H NMR spectrometry (500 MHz, D2O): PEG200:
= 3.66–3.68 (m, 36H), 3.740–3.742 (m, 110H); NAC: ı = 1.99

s, 3H), 2.89–2.91 (m, 2H), 4.53–4.56 (t, 1H); carbon nanoparti-
les + PEG200: ı = 2.91–3.02 (m, 92H), 3.51 (m, 2H), 4.61 (s, 1H);
arbon nanoparticles + PEG200 + NAC 1 h: ı = 1.82–1.88 (m, 7H),
uators B 145 (2010) 702–707 703

3.38–3.55 (m, 264H), 3.95–4.11 (m, 11H); carbon nanoparti-
cles + PEG200 + NAC 31 h: ı = 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, 1H).

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:

I(t) = A +
∑

Bi exp
(

− t

�i

)

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

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 pKa.

pH = pKa + n log
[

Imax − I

I − Imin

]

where Imax and Imin 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 − Imin)], n, is an empirical parameter usually greater
than unity [17].

In this study static quenching of fluorescence by metal ions
[M(II)] was described using the Stern–Volmer equation:

Io
I

= 1 + KSV[M(II)]

where Io is the fluorescence intensity without metal ion, I is the flu-
orescence intensity observed in the presence of a metal ion and KSV
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 mm2 resulting in a fluence of
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ig. 1. (a) SEM image in a TEM grid and (b) DLS size dispersion of the carbon particles
roduced by laser ablation.

15 mJ/cm2. In these conditions, the carbon particles obtained have
ide size dispersion – however, the most predominant are in the
undred nanometers range. On the other hand, when the distance
etween the focusing lens and the carbon target was set to 85 cm,
he laser area of incidence was 139 mm2 resulting in a fluence
f 288 mJ/cm2, smaller particles were produced with dimensions
own to about 27 nm (Fig. 1a). Fig. 1b shows the DLS of the nanopar-
icles obtained by direct laser ablation which shows two major
verage size dispersions centred at values of 63 and 373 nm – the
maller particles were probably obtained from laser ablation of the
igger particles. Since the objective is to synthesize nanosensors
hese conditions were used for further studies.

The carbon nanoparticles obtained by laser ablation are not flu-
rescent. In order to make them fluorescent it was necessary first
o activate the carbon surface by refluxing the carbon nanoparticles
n nitric acid for 12 h and, afterwards, add PEG200. After 1 h reac-
ion with PEG200 the carbon dots exhibited a pale yellow color and
uorescence with an emission wavelength of 565 nm. After 28 h
eaction, NAC was added to the reaction mixture and samples of
he reaction medium were taken over time in order to control the
avelength and intensity variation. The samples taken during the

unctionalization reaction showed an emission wavelength varia-
ion of 20 nm towards the red and an increase in fluorescence. The
eaction ended after 31 h when the fluorescence intensity started
o decrease which corresponded to the maximum nanoparticle size

nd quantum confinement.

The resulting solution contains carbon dots functionalized with
EG200 and NAC and could not be dried, limiting the possibility
f electron microscopy analysis. Alternatively, carbon dots were
haracterized by NMR.
Fig. 2. 1H NMR spectra of (a) PEG200, (b) NAC and (c) carbon nanoparti-
cles + PEG200 + NAC 31 h reaction time in D2O.

3.2. NMR analysis

NMR analysis of the carbon dots were performed in D2O.
In order to follow the reaction samples of PEG200, NAC and
samples of carbon nanoparticles + PEG200 1 h reaction, carbon
nanoparticles + PEG200 + NAC 1 h reaction, and carbon nanoparti-
cles + PEG200 + NAC 31 h reaction were analyzed by 1H NMR (Fig. 2
and Supplementary material) and HSQC (Supplementary material).
The analysis of the evolution of the chemical shifts, and respective
multiplicity, due to PEG200 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
PEG200 sample after 1 h reaction shows a chemical shift to lower
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Fig. 4. Fluorescence decay of aqueous carbon dots.

Table 1
Lifetime intensity decays of carbon dots in watera.

N � i (ns) ˛i fi

1 0.35(0.02) 0.0958(0.0006) 30.6%

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
ig. 3. Fluorescence excitation (– – –) and emission (—) spectra of the carbon dots.

alues of all the signals attributed to PEG protons. This evolution of
he chemical shift indicates a stabilization of the molecule, probably
ue to the interaction between the carbon dots surface and the
EG residue. Also the multiplet that in pure PEG (Fig. 2) appeared
ell defined at 3.7 ppm is now being split into two probably due to

he proximity effect of several PEG molecules on the carbon dots
urface.

Upon addition of NAC and after 1 h reaction the signal from the
EG and NAC protons shifted to higher values. This evolution of the
hemical shift indicates an interaction between the PEG and NAC
esidues. This hypothesis is supported by the analysis of the signal
t 1.8 ppm from the R-COCH3 that typically is a singlet but, due to
he presence of other non-equivalent protons, becomes a multiplet
Fig. 2). After 31 h reaction it is still possible to see PEG protons that
emained at 3.9 ppm, indicating that the PEG200 was in excess but
lso that the residues that are interacting with the dots surface are
robably more stable, therefore appearing at lower chemical shifts.
he analysis of the HSQC data (Supplementary material) supported
he observations of 1H NMR.

.3. Fluorescent properties of the carbon dots

The excitation and emission spectra of the synthesized carbon
ots functionalized with PEG200 and NAC are shown in Fig. 3. The
aximum excitation and emission are located at 340 and 450 nm,

espectively, with a Stokes shift of about 110 nm.
This Stokes shift is superior than the one previously reported

13] of 70 nm (excitation maximum at 420 nm and emission at
90 nm) for the carbon dots functionalized only with PEG200 indi-
ating not only that the reaction time is important to obtain higher
mission and Stokes shifts values; but also that the presence of two
ifferent molecules (NAC and PEG200) on the nanoparticles sur-
ace affects the quantum yield and quantum confinement. These
ariations on the emission wavelength with the reaction time sug-
est that the carbon dots are increasing their size and that the two
unctionalization molecules interact with their surface affecting the
uantum confinement [20,21].

A typical fluorescence decay time profile of the carbon dots is
hown in Fig. 4. The preliminary analysis of the decay time indi-
ates that it is complex as it shows the presence of several lifetime
anges. Indeed, only a three-component decay time model origi-
ated a good fit (� = 1.09) with the following lifetimes: �1 = 0.35 ns;
2 = 1.8 ns; and �3 = 4.39 ns (Table 1).
.4. Effect of the pH and metal ions on the fluorescence of CNP

After functionalization with PEG200 and NAC it was observed
hat the fluorescence of the carbon dots was sensitive to pH (Fig. 5).
2 1.8(0.1) 0.0263(0.0002) 42.2%
3 4.39(0.05) 0.00673(0.00005) 27.1% � = 1.09

a 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 pKa

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(II) 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
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(II) and Cu(II) ionsa.

Ion KSV (M−1) Intercept R Points Concentration range (M)

0.9719 17 1.00 × 10−7–2.69 × 10−6

0.9607 6 1.00 × 10−7–2.69 × 10−6

nces. R, correlation coefficient.
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Hg(II) 1.3(0.4) × 105 0.97(0.01)
Cu(II) 5.6(0.8) × 104 1.0(0.2)

a Averages and standard deviation (in parenthesis) of three independent experie

ons [22]. Indeed, although the total mercury concentration is quite
ow, at pH 8.0 the Hg(OH)2 species is quantitatively formed and the
AC is not able to complex the mercury. At pH 6.8, the [Hg(OH)]+

pecies is probably the main mercury species in aqueous solution
nd it is available to be complexed by the carbon dots.

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

escence properties of the carbon dots.
As shown in Fig. 6 the carbon dots fluorescence is affected by

g(II), where it is possible to observe a marked quenching effect –
he fluorescence signal decreases 25% upon addition of micromolar
oncentration of Hg(II) (2.69 × 10−6 M). The addition of Cu(II) also
rovokes quenching of the fluorescence of the carbon dots but in

ess extent than with Hg(II) – about 13% decrease is observed. The
ther metal ions analyzed, namely Cd(II), Ni(II), Zn(II) and Ca(II),
how no measurable effect on the fluorescence of the carbon dots.

The quenching provoked by Hg(II) is described as a typical
tern–Volmer plot (Fig. 7). Table 2 presents the parameters of the
inear fitting of the quenching provoked by Hg(II) and Cu(II). The
nalysis of the Stern–Volmer plots show that they follow a linear
rend with KSV = 1.3(4) × 105 and 5.6(8) × 104 for Hg(II) and Cu(II),
espectively. This order of magnitude is compatible with the for-
ation of a quite stable complexes (static quenching) between the
AC residues on the surface of the carbon dots and Hg(II) and Cu(II)

ons.
In order to access if the quenching effect is due to the NAC or

he PEG residue, a study was performed using the nanoparticles
unctionalized only with PEG (Supplementary material) and it was
ound that there is no significant fluorescence emission or intensity
ariations upon addition of the same micromolar concentration of
g(II). As such, and as expected, the sensitivity towards Hg(II) (soft

onor) is due to the NAC residue (namely the sulfur atom – soft
cceptor) of the carbon dots.

A variety of analytical tools are commonly employed to detect
ercury in biological samples [23–27]. However while traditional

ig. 6. Fluorescence quenching of the synthesized carbon dots in aqueous solution
y 2.69 × 10−6 M of all metal ions.
Fig. 7. Stern–Volmer plot of the fluorescence quenching of carbon dots in aqueous
solution by Hg(II).

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 PEG200
and NAC allowed us to synthesize a nanosensor sensitive to micro-
molar concentrations of Hg(II) 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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Helena Gonçalves obtained his B.Sc. and M.Sc. in chemistry from the Faculty of
Sciences of the University of Porto (FCUP), Portugal, where she worked on the devel-
opment of new bioanalytical sensors based new ruthenium and osmium complexes
and CdTe quantum dots. Currently, she has a Ph.D. grant to work on the development
of new bioconjugated and functionalized quantum and carbon dots.

Pedro A.S. Jorge graduated in applied physics (optics and lasers) from the Univer-
sity of Minho in 1996. He received his M.Sc. in optoelectronics and lasers from the
physics department of the University of Porto in 2000. In 2006, he concluded his
Ph.D. program at Porto University in collaboration with the department of physics
and optical sciences at the University of Charlotte, North Carolina, USA, with work
developed in luminescence based optical fiber. He is currently a senior researcher at
INESC Porto, where he leads a small team in the development of biochemical sensors
for environmental and medical applications.

J.R.A. Fernandes is a professor in the physics department of Universidade de Trás-
os-Montes e Alto Douro and senior researcher at Optoelectronics Group of INESC
Porto. He received his Ph.D. from Porto University. His research interests are in
laser ablation of inorganic materials area for the production of thin films or for the
production of nanoparticles to be used in sensors.

Joaquim C.G. Esteves da Silva obtained his B.Sc., M.Sc. and Ph.D. in chemistry from
the Faculty of Sciences of the University of Porto (FCUP), Portugal, where he worked
where he teaches inorganic, environment, forensic, bioanalytical and chemomet-
ric courses. His current main research interests are the development of fluorescent
nanomaterials and enzymatic bioanalytical methods for biochemical, environmen-
tal and technological applications.

http://dx.doi.org/10.1016/j.snb.2010.01.031
http://www.els.net/

	Hg(II) sensing based on functionalized carbon dots obtained by direct laser ablation
	Introduction
	Experimental
	Synthesis and functionalization of CNP
	pH and metal ion titrations
	Instrumentation
	Data analysis

	Results and discussion
	Synthesis and morphological characterization
	NMR analysis
	Fluorescent properties of the carbon dots
	Effect of the pH and metal ions on the fluorescence of CNP

	Conclusions
	Acknowledgements
	Supplementary data
	Supplementary data
	References


