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ABSTRACT: Owning to excellent optical properties and high bio-compatibility carbon dots (CDs) have drawn increasing attention and have
been widely applied as imaging agents for various bio-applications. Here we report a strategy for live-cell fluorescent bioimaging based on
in situ synthesis of CDs within cells by tightly focused femtosecond laser pulses. Laser-produced carbon dots exhibit bright excitationdependent fluorescence and are highly two-photon active under near infrared femtosecond excitation, thus demonstrating a potential for
two-photon fluorescence imaging. The Raman spectra of fluorescent centers show strong D (1350 cm-1) and G (1590 cm-1) bands, thus
suggesting that they are composed of carbon dots with sp2-hybridyzed core. Using Mouse GV oocytes as a model system we examine
cytotoxicity and demonstrate the possibility of long-term fluorescent intracellular tracking of the laser-produced CDs. Created virtually in
any point of the live cell, CD-based fluorescent µm-sized markers demonstrate high structural stability and retain bright fluorescence many
hours after formation. Our results point to laser-produced fluorescent CDs as a highly-potent tool for cell cycle tracking, culture cell marking
and probing intracellular movements.
nanoparticles, the type and state of the cell, and the type of the
medium. Control of dynamics and intracellular localization of
nanoparticles presents an additional problem from a standpoint of
their targeted delivery [18-19]. Synthesis of carbon dots directly
within cells from intracellular organic molecules, while possible in
principle, has not been demonstrated thus far.
Controlled modification of material properties in a microscopic
volume can be realized by means of nonlinear absorption of
ultrafast laser pulses. This approach was widely applied in
technologies of laser micro- and nanoprocessing of materials [2022], including laser-induced chemical modification such as laser
polymerization [23-24] or multiphoton photoreduction of metal
ions [25-26]. As concerns biological materials, nonlinear optical
interaction with ultrafast laser pulses were studied mostly from a
perspective of laser micro and nanosurgery of cells and tissues
[27-28]. It was demonstrated that mechanisms of laser surgery
include chemical reactions induced by electronic plasma
generated by nonlinear photoinization. In principle, similar to a
plasma formed by electric discharge [29-30], laser-generated
microscale plasma can stimulate carbonization of organic
materials and formation of luminescent carbon dots. It was
reported that irradiation with pulsed laser light can induce
synthesis of CDs from an aromatic precursor possibly through a
plasma-mediated mechanism [31]. While there were evidences of
femtosecond laser-induced carbonization in biological tissues [3234] and formation of light absorbing centers [35] a laser synthesis
of carbon dots from bio-molecules has not been positively
demonstrated.
In this paper we report that ultrafast laser processing can be
employed to generate fluorescent carbon dots in intracellular
material through nonlinear absorption of tightly focused
femtosecond laser pulses. These carbon dots are localized in a
microscopic volume down to a submicrometer size, and exhibit
high chemical stability and low cytotoxicity. We demonstrate that
laser-generated CDs-based microscopic fluorescent markers can
be employed to trace material reallocation during oocyte

INTRODUCTION
Cell cycle and intracellular movement visualization are of much
interest in biomechanics and biochemistry. Fluorescent
bioimaging is widely used to visualize cell structure and dynamics.
Usually fluorescent imaging relies on fluorescent molecules –
organic dyes or fluorescent proteins. However, molecular
fluorophores suffer from a number of limitations: they are subject
to photobleaching and influence of microenvironment on their
fluorescent properties, typically have a small Stokes shift and are
frequently phototoxic. For this reason, development of fluorescent
nanomaterials, which could be used as an alternative to organic
dyes and fluorescent proteins in bioimaging, has attracted much
interest. Doped nanoparticles, semiconductor quantum dots, metal
nanoparticles, polymer dots, carbon quantum dots, dendrimers,
etc. were proposed as promising nanomaterials [1] that offer
advantages of greater photostability, lower toxicity, inertness in
the intracellular environment, and more advantageous spectral
properties compared with molecular fluorophores [2]. Among
various fluorescent nanomaterials carbon dots or carbon nanodots
possess an optimal combination of bright visible fluorescence [3],
photostability [4], excellent biocompatibility [5] and inexpensive
and environment-friendly production technology, which makes
them a perfect choice for bioimaging applications [6].
A number of methods for carbon dots (CDs) production have
been proposed which can be broadly divided into top-down
cutting of carbon materials [7-10] and bottom-up synthesis [1113] from a variety of organic precursors including even food waste
[14]. Virtually all known methods demonstrate production of
relatively large quantities of material in a macroscopic volume.
Also the methods of intracellular bioimaging with fluorescent CDs
rely on internalization of exogenous particles from external media.
Unlike organic dyes, nanoparticles are not capable of permeating
cell membranes, and their internalization occurs mainly through
various mechanisms of endocytosis [15-17]. These mechanisms
are still not fully understood and often have a limited effectiveness,
which also varies greatly depending on characteristics of the
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with an increase in laser intensity and irradiation dose (Fig. 1e).
With intensity and dose close to the formation threshold we could
produce fluorescent spot of sub-micrometer diameter which was
comparable to the laser beam focal spot size (Fig. 1e and Fig. S1).
Fluorescent products generated in cellular material by
femtosecond laser irradiation exhibited a strong two-photon
fluorescence when excited with near-IR femtosecond pulses of the
Ti:Sapphire laser. Laser power was kept below 10 mW to avoid
generation of additional fluorescent products. The quadratic
dependence of the emission intensity on laser power confirms that
fluorescence is excited via two-photon absorption (Fig. 2b).

maturation. Our findings highlight viability of bottom-up synthesis
of carbon dots from organic precursors in high-intensity optical
field of laser pulses and its application for fluorescent biological
imaging.
MATERIALS & METHODS
Detailed description of experimental procedure is given in the
Supporting Information. In short, NIR femtosecond laser pulses at
80 MHz repetition rate from a Ti:Sapphire oscillator were coupled
to an optical microscope and focused by an objective lens (0.75
NA) into a focal spot of 1.3 μm diameter. Mouse GV oocytes in PBS
solution inside a Petri dish were placed on a microscope sample
stage and were irradiated with focused femtosecond pulse trains
with a length of 20-200 ms and pulse energy up to 3 nJ (peak
intensity up to 9 MW/cm2). Optical image of the oocytes was
recorded with a video camera, for fluorescent imaging oocytes
were illuminated with a CW laser diode at 462 nm, and excitation
light was blocked by a LP500 spectral filter. Fluorescence emission
spectra and decay kinetics of intracellular material were registered
locally in the focal spot area using two-photon excitation with
femtosecond laser light at low power. Oocyte material’s Raman
spectra were excited with a 532 nm CW laser (DPSS, Coherent)
and recorded with a Raman spectrometer Renishaw 1000B
attached to the microscope. After femtosecond laser irradiation
oocytes were kept in a CO2 incubator for a period up to 24 hours
and were inspected with the optical microscope thereafter.
RESULTS & DISCUSSION
Irradiation of the oocyte material with a train of tightly focused
femtosecond laser pulses resulted in changes in material’s
fluorescence. Normally the intracellular material is only weakly
fluorescent due to presence of endogenous fluorophores.
However, after laser irradiation a well-visible brightly fluorescent
micrometer-sized spot was formed around the laser focal point
(Fig. 1a, b). Fluorescence intensity in the bright spot was typically
many folds higher than in non-irradiated material. This effect
indicates that considerable quantities of fluorescent products are
generated in the intracellular material under femtosecond laser
irradiation. Accumulation of fluorescent products was also
monitored with fluorescence excited by two-photon absorption of
femtosecond light. Figure 1c presents a dependence of
fluorescence intensity recorded during a 135-ms exposure to the
laser pulses. Whereas the initial intensity was negligible, there was
a many-fold nearly monotonous increase in emission which
reached the maximal value at the end of exposure. This effect
indicates that the generation of fluorescent material is gradual and
continues during the entire period of laser exposure.
Similar effects of fluorescent products generation were
observed in three distinct regions of the oocytes with different
chemical composition: cytoplasm, nucleus and nucleolus.
Formation of fluorescent spots had a threshold-like dependence
on laser pulse parameters: it required sufficiently large peak laser
intensities and irradiation doses (Fig. 1d). For example, there were
virtually no effects of fluorescent material generation at 0.3
TW/cm2 intensity, whereas these effects were visible at larger
intensities. The characteristic diameter of the fluorescent spot
varied greatly in different points of the oocyte even at the same
irradiation parameters probably due to variation in absorption.
Nevertheless, we observed a tendency for spots to become larger

Figure 1. Images of the oocyte (a) before, and (b) after exposure to
a laser pulse train, combination of brightfield and fluorescent
image, fluorescence is shown in green color. Fluorescence was
excited by a laser diode at 462 nm. Laser intensity was 1.2
TW/cm2, train length – 100 ms. Characteristic diameter of the
fluorescent spot – 4 μm. (c) Intensity of two-photon excited
fluorescence from the irradiated area during exposure to a train of
pulses at 1.2 TW/cm2 intensity vs. time. Insets show respective
images of the oocyte material around the laser-irradiated spot,
green color shows laser-induced fluorescence. (d) Probability of
fluorescent spot formation as a function of irradiation parameters
(e) Average diameter of the fluorescent spot as a function of
irradiation parameters, absence of points means that fluorescent
spot formation was not registered.
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Laser-generated fluorescent material had broad emission spectra
with maxima in the green spectral region 500-530 nm (Fig. 2a,d).
These spectra overlap with emission of the endogenous cellular
fluorophores such as FAD and NADH in blue and green regions, so
that laser-generated fluorescence could not be spectrally filtered
from cellular autofluorescence. Nevertheless, laser-produced
fluorescent spots were well discernible due to the much higher
emission intensity. Emission spectra of fluorescent products
generated in cytoplasm, nucleus and nucleolus were generally
similar, which suggests that the same type of products was
generated in all the three regions (Fig. 2d). When the excitation
wavelength was tuned from 720 to 880 nm the shape of the
emission spectrum remained mostly the same, but its peak
wavelength shifted towards longer wavelengths by 15-20 nm.
Inset on Figure 2a illustrates monotonous shift of emission
maxima with increase of effective excitation wavelength, taken as a
half of excitation laser wavelength.

Such behavior indicates inhomogeneous broadening of
emission spectra, so we suggest that the fluorescence of lasergenerated products consists of contributions from different
species or different emission states. This notion is supported by
measured fluorescence anisotropy at two-photon excitation that
demonstrates a strong dependence on emission wavelength with
maximal anisotropy (about 0.45) in the green spectral region near
the emission maximum of fluorescent products (Fig. 2e). This
manifest wavelength dependence suggests a contribution from
several species with different emission anisotropy.
Decay of fluorescence excited by femtosecond pulses in the
laser-generated spot was relatively fast with effective fluorescence
lifetime smaller than 1 ns (Fig. 1f) which indicates a high nonradiative relaxation rate. Decay curves were non-exponential but
could be satisfactorily fitted with a biexponential function having a
fast decay time in the range from 0.25 to 0.35 ns and a slow time in
the range from 1.9 to 2.4 ns (Table S2). Decay curves depended on
emission wavelength; especially with transition to the red edge of
the emission spectrum (600 nm) decay became notably slower. In
a similar way a red shift of the excitation wavelength from 720 to
880 nm led to slower fluorescence decay (Table S2). In
combination with the spectral data these decay kinetics suggest
that fluorescence occurs from an ensemble of emissive states
different in their emission wavelength and relaxation rate, and
states at the red edge of the combined emission spectra possess a
longer relaxation time.
An insight into chemical nature of laser-generated products was
provided by the spatially resolved Raman spectroscopy. We
compared Raman spectra from a non-irradiated cytoplasm
material and a relatively large (about 10 μm in diameter) lasergenerated fluorescent spot in the cytoplasm (Fig. 3a). The most
prominent features in the spectrum of the non-irradiated
cytoplasm were broad peaks between 2800 and 3800 cm-1
corresponding to stretching vibrations of –CH, -CH2 and -CH3
groups and stretching vibrations of water molecules (Fig. 3b). The
same peaks were visible in the Raman spectrum of the lasergenerated fluorescent spot, but it also exhibited two strong peaks
with maxima at about 1350 and 1590 cm-1 which were not
detectable in the normal cytoplasm. These Raman peaks
correspond to the known D- and G-bands in graphenic materials.
The G band at 1590 cm-1 originates from stretching of bonds
between sp2-hybridized carbon atoms and is commonly observed
in graphite, graphene and similar sp2 carbon materials. The D band
at 1350 cm-1 originates from disorder in sp2-hybridized carbon, for
example edges in carbon sheets or graphite crystals, thus strong D
band is typical for graphite crystallites of nanoscale sizes and large
surface-to-volume ratio [36]. Both bands are considerably
broadened which indicates a high degree of disorder. Finally, a
weaker and a broad peak at about 2720 cm-1 especially
pronounced on the differential spectrum is the second order G’ or
2D band, its position and asymmetric shape are typical for
disordered graphite or multi-layer graphene [37]. Backgroundcorrected ratio of D and G band intensities I(D)/I(G) is
approximately 1. As reported by Tuinistra and Koenig [38] in
nanocrystalite graphite this ratio is inversely proportional to the
effective crystallite size La: I(D)/I(G) = C(λ)∙La, where C(λ) is a
coefficient depending on excitation wavelength, yet this relation is
not valid anymore for crystallites smaller than several nanometers
nm [36]. Using an empirical expression for C(λ) from [36] we
arrive to La<20 nm. Thus the Raman spectrum indicates that the

Figure 2. (a) Normalized emission spectra of fluorescence from a
laser-generated fluorescent spot in the oocyte’s cytoplasm at
different excitation wavelengths. Fluorescence was excited by twophoton absorption of femtosecond laser light. (b) Emission
intensity vs. squared laser power in a fluorescent spot:
experimental points and a linear fit (line). (c) Emission maximum
vs. effective excitation wavelength for a fluorescent spot in the
cytoplasm. Effective excitation wavelength is taken equal to a half
of the laser wavelength. (d) Comparison of normalized emission
spectra from laser-generated fluorescent spots in cytoplasm,
nucleus and nucleolus of mouse oocyte at 790 nm excitation.
(e) Fluorescence anisotropy as a function of emission wavelength,
two-photon excitation at 790 nm (f): Fluorescence decay curves
recorded at 450, 525 and 600 nm and their fit with a biexponential
decay function, two-photon excitation at 790 nm. A black line
represents an instrument response function.
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laser-generated fluorescent area in the cellular material contains
carbon dots-like nanoparticles with nanosized graphitic cores. As a
conclusion, the bright fluorescence from laser-generated species is
largely attributable to CDs, which are known to be strongly
fluorescent, and these CDs are most probably produced from
biological molecules of the intracellular material.

several hours. Figure 4a,b presents images of fluorescent spots
generated in different areas of oocytes before and after incubation.
In both cases fluorescent spots remained observable after the
incubation period and their sizes and brightness remained
generally the same. We conclude that laser-synthesized carbon
dots stay embedded in the biological matrix in cytoskeleton,
adhered to organelles and show no signs of diffuse spreading for at
least tens of hours. Their fluorescent properties persist for the
same duration which indicates a high degree of chemical stability.
Consequently laser-induced generation of fluorescent material can
be used to produce fluorescent markers for tracking of
intracellular movement and reorganization of cell structure and
marking of individual cell in culture.

Figure 3. (a) An oocyte with a laser-generated fluorescent spot
(green area), overlap of brightfield and fluorescent images. (b)
Normalized Raman spectra from the laser-generated spot (point 1
on (a)) and the non-irradiated cytoplasm (point 2 on (a)). An inset
shows a differential Raman spectrum at the point 1 with
subtracted background signal from the cytoplasm.
Formation of carbon dots explains the red shift of emission
spectra with increase of the excitation wavelength which is typical
for carbon dots fluorescence [39], and is usually attributed to
inhomogeneously broadened emission from an ensemble of
emissive states with different energies [40]. Also a wavelengthdependent CDs emission decay was reported [41] similar to our
observations. A high degree of emission anisotropy suggests that
CD fluorescence mostly originates from surface emissive states or
dopant atoms [42-43], whereas a smaller anisotropy at the blue
edge of the fluorescence spectrum (Fig. 2e) is probably due to a
contribution of isotropic emission from the CDs core. The last
assumption agrees with an observation that CDs may exhibit
luminescence from the carbon core at about 400 nm [44].
Mechanism of laser-induced CDs formation requires a further
study, but apparently unlike laser ablation of graphite [45] or other
carbon materials it involves a bottom-up synthesis of carbon
nanoparticles from organic molecules. A similar bottom-up
synthesis of graphene dots from benzene under nanosecond laser
irradiation was reported previously [31]. We observed that
thermal treatment of the intracellular material using focused CW
IR radiation could not reproduce generation of brightly fluorescent
species, hence excitation to high-energy states or photoinization
and electron plasma generation are likely to play role in carbon
dots formation. It is probable that we realize plasma-mediated
synthesis [29-30] with a low-density microscale electronic plasma
produced by nonlinear photoionization.
Laser generated carbon dots in a cellular material offer a
potential for applications in fluorescent imaging as fluorescent
“micro-markers”. One of the key problems for bioimaging
applications is how long fluorescent spots persist after formation.
In order to investigate stability of laser-generated fluorescent spots
oocytes after laser irradiation were placed in the CO2 incubator for
the period up to 24 hours. We observed that larger spots with
characteristic diameter of at least several μm remained visible 24
hours after incubation, whereas smaller spots stayed for at least

Figure 4. Images of a fluorescent marker in cytoplasm (a), (b) and
nucleus (c), (d) immediately after laser irradiation (a), (c) and after
a 24 hours incubation (b), (d). (e) Percentage of GV oocytes that
maturated to the MII phase after laser exposure of cytoplasm as a
function of irradiation parameters. The dashed line shows the
maturation percentage in a control group of cells not subjected to a
laser exposure.
It is important to note that location of laser-generated spots
changed during the incubation period and in case of the spot in
Fig.4c the nucleus itself completely dissolved. Still, we were able to
track migration of the spot inside the cell using fluorescence
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not have an ability to label specific biomolecules in a chemically
selective manner, but on the other hand it can spatially selectively
target a specific microscale volume within the cell. Laser-generated
carbon dots are strongly two-photon active and offer a potential
for multiphoton fluorescent imaging. Products of laser-induced
chemical reactions do not exhibit noticeable toxicity and the
procedure of laser treatment itself does not interfere with cell
viability and development. Moreover, laser-produced fluorescent
markers exhibit high chemical and structural stability and retain
bright fluorescence many hours after formation and thus can be
used to track reorganization of cellular material. Laser-induced
formation of fluorescent markers within the cell could be used in
precision tracking techniques to obtain information about cell
cycle, reorganization of the cell structure and intracellular
transport.

images. Thus, Fig.4 provides an example of how laser-generated
fluorescent markers can be practically used to visualize
reorganization of intracellular material.
Another observation from Figure 4b,d is that the laserirradiated oocyte maturated from GV to the MII phase, as seen
from separation of the polar body. Maturation to MII was also
confirmed by observation of the metaphase plate in fluorescent
images. Exposure of oocyte material to femtosecond laser pulses
produces local heating and also leads to formation of low density
electron plasma and production of new chemical species including
free radicals and reactive oxygen species [46] which can negatively
affect developmental competence of oocytes. Still, these potentially
harmful effects did not interfere with oocyte maturation. We
quantitatively characterized influence of femtosecond laser
irradiation on oocyte development using maturation to the MII
phase as a simple criterion of laser-induced damage. Fig. 4e
presents the percentage of oocytes that developed to the MII phase
during 24 hours after laser irradiation of an arbitrary area in the
cytoplasm as a function of irradiation parameters (laser pulse
intensity and irradiation dose), detailed statistics are presented in
Table S3. Oocytes in the control group were not subjected to laser
irradiation and corresponding percentage is shown as a dashed
line in Fig. 4e for comparison. The average percentage of oocytes
reaching MII in laser-irradiated groups was comparable to the
control group. Moreover, increase in pulse energy and exposure
time did not have a conspicuous effect on oocyte development. In
particular, the percentage of MII oocytes in the groups irradiated
with 1.2 TW/cm2 laser intensity was roughly the same as in the
groups irradiated with 0.3 TW/cm2 intensity. As follows from
Fig.1e, exposure of cytoplasm to 1.2 TW/cm2 pulses generates
fluorescent spots with average diameters of 4-5 µm, whereas 0.3
TW/cm2 pulses generate almost no fluorescent material. Thus,
formation of relatively large fluorescent spots had no discernible
influence on ability of GV oocytes to develop to the MII phase.
Fluorescent spots generated in this experiment are relatively large
compared with typical spots that can be used to track intracellular
movement. Consequently, laser generation of fluorescent products
within cells induces only a moderate cytotoxic effect and does not
affect developmental competence of oocytes, which opens the way
for practical applications of this method in live-cell imaging.
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