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Carbon quantum dots (CQDs) are a novel family of fluorescent materials that could be employed as non-
toxic alternatives to molecular fluorescent dyes in biological research and also in medicine. Four different
preparation approaches, including microwave assisted heating and solvent refluxing, were explored. In
addition to the widely used microwave assisted methods, a simple convenient new procedure is pre-
sented here for the particle synthesis. A detailed X-ray photoelectron spectroscopic (XPS) analysis was
employed to characterize the composition, and more importantly, the chemical structure of the CQD
samples and the interrelation of the characteristic surface chemical groups with the fluorescence prop-
erties and with surface polarity was unambiguously established. In vitro cellular internalization experi-
ments documented their applicability as fluorescence labels while non-toxic properties were also
approved. It was demonstrated that the adequate water-dispersibility of the particles plays a crucial role
in their biological application. The synthetized CQD samples turned to be promising for cellular imaging
applications both in laser illuminated flow cytometric measurements and in fluorescence microscopy.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

A wide range of materials have been developed as fluorescence
probes for labeling and diagnostic applications. These include
small molecular dyes, fluorescent proteins and semiconductor nan-
odots. While all of these materials have unique advantages in some
fields their applicability is also riddled with pitfalls [1]. In 2004 a
new class of fluorescent materials, separated from carbon nan-
otube fragments was described by Xu et al. [2]. These nanoscaled
carbon-based particles exhibited strong fluorescence and narrow
size distribution. Since then, more extensive research went into
the preparation and characterization of different types of carbon
based nanodot systems owing to their advantages to be used as
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Table 1
Preparation methods and average size of carbon quantum dots determined by atomic
force microscopy.

Sample Method Solvent d/nm

CQD1 Refluxing 16 h water –
CQD2 Microwave heating 5 min water 1.7 ± 0.1
CQD3 Refluxing 16 h DMSO 1.2 ± 0.1
CQD4 Microwave heating 5 min DMSO 0.9 ± 0.1
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fluorescent probes. These properties include high intensity lumi-
nescence and high photostability, low toxicity, biocompatibility,
chemical inertness and small size. The nanodots have been found
to possess a core-shell type structure. Graphitic clusters doped
with oxygen and nitrogen heteroatoms form the core of the parti-
cles surrounded by amorphous carbon frames with various surface
functional groups [3].

High number of precursors have been discussed as possible
sources for the preparation of these luminescent materials. These
range from graphite [4], and carbon nanotubes [2,5] to simple
organic materials, like sugars [6], citric acid [7], ethylene diamine
[8], amino acids [9] as well as more complex organic sources like
wood [10], milk [11], petroleum coke [12] and eggs [13].

Numerous methods have been described for the preparation of
carbon nanodots [14,15]. These can be classified as top-down or
bottom-up strategies. Top-down methods range from high-energy
ion beam irradiation of diamonds [16], laser ablation of graphite
[17], ball-milling of activated carbon [18] andacidic digestionof gra-
phene oxides [19]. Bottom-up synthesis methods are usually based
on the thermal decomposition of organic materials by microwave
assisted pyrolysis or hydrothermal conversion [20,21,22,19,23].
This lattermethodhasgathereddistinguished attentionas it enables
the use of a wide variety of precursors from organic compounds to
natural products and offers an economic way of synthesis suitable
for both small and large scale [24,25,13,26,27].

The fluorescence mechanism of carbon nanodots is still
debated. Generally, three alternative or concurrent photolumines-
cence mechanisms can be assumed. These are the quantum con-
finement effects related to the conjugated systems of the carbon
core, surface states related to the functional groups present on
the carbon backbone or the molecular states, originating from flu-
orescent molecules bound to the particles [28]. The size of the car-
bon nanodot structures is usually described as being less than
10 nm, typically of 1–3 nm. Based on the quantum confinement
interpretation of the fluorescence properties, the size of the parti-
cle directly influences the emissive properties of the material.
Therefore, attempts have been made to regulate the particle size
of the nanodots. This can involve the separation of particles into
size fractions [29] or the usage of templates during preparation
[27,30]. In any case for carbon dots the effect of surface states
appeared to be more pronounced in the determination of their
luminescence properties. The introduction of different heteroa-
toms into the carbon structures has been shown to greatly influ-
ence the properties of the nanodots [23]. Nitrogen doping was
found to increase the luminescence of the particles as well as shift-
ing the excitation and emission to longer wavelengths [3]. The
introduction of heteroatoms also changes the possible chemical
and biological interactions so that the particles are capable facili-
tating selective metal-ion binding [31], antimicrobial activity [32]
or serve as specific analytical sensors [33–35].

Carbon quantum dots have also received increasing attention
owing to their excellent biocompatibility and low level cytotoxic-
ity, because these particles do not contain toxic heavy metals
unlike their other fluorescent counterparts, quantum dots and
some organic dyes [36,37]. Recent studies have shown that carbon
dots can be used to deliver therapeutics into target cells, both
in vivo and in vitro, they have been applied to intracellular drug
delivery [38–45]. Mainly in vitro studies to date have tested the
effects of carbon dots exposure on different cell types [46]. It is
possible that carbon dots toxicity and cellular uptake may vary
in different cell types which is important because different mech-
anisms of uptake and intracellular processing may dictate the
mode that the loaded ‘‘active moiety” is processed by the cells [47].

In the present work carbon quantum dots (CQD) were prepared
by a convenient synthesis using readily available precursors. The
effect of solvent and preparation method on the resulting product
was studied while the composition and structure of the products
was characterized using atomic force microscopy (AFM), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).
The fluorescence properties were analyzed relating to the compo-
sition and chemical structure of the CQD. Non-toxic properties
and cellular uptake were also tested with the aim of their applica-
tion as efficient markers in cellular assays.

2. Experimental

2.1. Materials

Citric acid monohydrate (Sigma-Aldrich, Hungary) and urea
(Reanal) used in carbon nanoparticle synthesis were of analytical
grade and applied without further purification. Dimethyl sulfoxide
(DMSO) and absolute ethanol were purchased from VWR Interna-
tional and were of analytical grade. Double distilled water was
checked by its conductivity (<5 mS) and surface tension
(>72.0 mN/m at 25 ± 0.5 �C).

All materials used for in vitro experiments were suitable for cell
culture (bioreagent grade and tested) namely: RPMI-1640, fetal
bovine serum (FBS), glutamine (Lonza, Basel, Switzerland), trypsin
and gentamicin (Sigma-Aldrich, Budapest, Hungary). The HPMI
(HEPES buffered RPMI) buffer was prepared and sterile-filtered in
our laboratory using components obtained from Sigma-Aldrich,
analytical grade (NaCl, KCl, MgCl2, CaCl2, NaHCO3, Na2HPO4), 4-(2
-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), glucose
(cell culture grade).

2.2. Carbon quantum dot preparation

Carbon nanoparticles were synthesized using citric acid and
urea as precursors. Water and dimethyl sulfoxide (DMSO) were
employed as solvents and two types of reaction procedures, micro-
wave assisted heating and refluxing the solution over an oil bath,
were performed. For the microwave assisted reaction the reactants
were dissolved in water or in DMSO. In a typical reaction 5 mmol
citric acid was dissolved in 10 mL solvent until a clear solution
was achieved then 10 mmol urea was added and dissolved. The
reaction mixture was heated in a commercial microwave oven
(800W) for 5 min while the reaction mixture gradually changed
its color from transparent to black. In the solvothermal method
similar reaction mixtures were refluxed over an oil bath at a tem-
perature of 180 �C for 16 h. Due to the boiling points of the sol-
vents, the effective reaction temperature for the aqueous
refluxing was 100 �C, while 180 �C for DMSO. Samples were thor-
oughly purified after both types of reaction. Sample volumes were
restored to 10 mL with water or DMSO then centrifuged at 1000g
to remove the aggregates. Samples prepared in water were precip-
itated in 100 mL of ethanol. The precipitate was separated by cen-
trifugation at 3500g. The particles were further washed 4 times by
sonication with fresh 50 mL aliquots of ethanol followed by a cen-
trifugation step. Finally, the particles were dispersed in water and
lyophilized for storage. Similar purification method was used for
particles prepared in DMSO with the exception that water was
used to precipitate the particles. Sample codes with the
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corresponding synthesis method and solvents are listed in Table 1.
Each sample was prepared in at least three parallel synthesis.

2.3. Size and zeta-potential determination

Particle size was evaluated using dynamic light scattering (DLS)
and atomic force microscopy (AFM). The DLS system (Brookhaven
Instruments, USA) consists of a BI-200SM goniometer and a BI-
9000AT digital autocorrelator. As a light source a Coherent Genesis
MX488-1000STM laser-diode system operating at 488 nm wave-
length and emitting vertically polarized light was used. Measure-
ments were carried out at a detection angle of 90� and a
temperature of 25 �C with nanoparticle samples appropriately
diluted with doubly distilled water. The recorded autocorrelation
functions were analyzed by the second order cumulant expansion
and Contin method.

The sample morphology was studied using AFM. Highly diluted
aqueous and DMSO dispersions of the particles were deposited on
freshly cleaved mica. The samples were dried in vacuum for at least
2 h before the measurement [48]. Surface was imaged using a
Nanosurf Flex-Axiom atomic force microscope system operating
in non-contact mode, using BudgetSensors Tap190Al-G silicon can-
tilever with a force constant of 48 N/m. Vertical accuracy of the
instrument in this mode is around 0.05 nm. Each sample was
imaged in 1 � 1 mm2 areas at 10 randomly selected locations.

The determination of electrophoretic mobility of nanoparticles
was carried out by means of Malvern Zetasizer Nano Z apparatus
at 25 �C in 2 mM NaCl solution medium to ensure a constant ionic
strength. Results were collected in triplicates. Smoluchowski
approximation was used to calculate zeta potential (f) from mobil-
ity values.

2.4. X-ray diffraction

XRD measurements were performed by a Rigaku Smartlab
diffractometer using mixed copper radiation with a wavelength k
(CuKa1,2) = 0.154186 nm. A grazing incidence geometry was used
during the measurements by an incidence angle of x = 0.3� and
wide angle scattering between 2H = 10�–119� angles.

2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectra were recorded on a Kratos XSAM
800 spectrometer operating in fixed analyser transmission mode,
using Mg Ka1,2 (1253.6 eV) excitation. The pressure of the analysis
chamber was lower than 1�10-7 Pa. Survey spectra were recorded in
the kinetic energy range 150–1300 eV with 0.5 eV steps. Photo-
electron lines of the main constituent elements, i.e., the O1s, N1s
and C1s, were recorded by 0.1 eV steps and 1 s dwell time. Spectra
were referenced to the energy of the C1s line of the sp2 type gra-
phitic carbon, set at 284.3 ± 0.1 eV binding energy (B.E.). A
Gaussian-Lorenzian peak shape (70/30 ratio) was used for peak
decomposition, except for the graphitic C1s, where asymmetric
shape was used, derived from oxygen-free highly oriented pyroly-
tic graphite (HOPG). Quantitative analysis, based on peak area
intensities after removal of the Shirley-type background, was per-
formed by the Kratos Vision 2 and by the XPS MultiQuant pro-
grams [49], using experimentally determined photo-ionization
cross-section data of Evans et al. [50] and asymmetry parameters
of Reilman et al. [51]. In all cases, unless otherwise stated, the con-
ventional infinitely thick layer model was employed, where all
components are supposed to be homogeneously distributed within
the sampling depth detected by XPS. Chemical shifts, representing
different bonding states of the nitrogen and oxygen to the carbon
matrix and also of the reacted carbon, were evaluated by applying
accurate peak decomposition procedure using the Kratos Vision 2
software. Measurements were performed, as in general practice,
on unique samples thus scatter of data cannot be supplied. The
error of the quantitative XPS results, as generally accepted, is ±5
relative %.

2.6. Fluorescence properties

For the characterization of the luminescence properties two
types of measurements were carried out in a Varian Cary Eclipse
fluorescence spectrophotometer. 3D spectra were recorded using
appropriately diluted samples (1 mg/L) dispersed in water or
DMSO. The measured intensity was normalized using the integral
of Raman-scattering spectrum of pure water. The quantum yield
of the samples at 350 nm excitation wavelength was determined
using quinine sulfate as a standard. UV absorbance at 350 nm
(Analytic Jena, Specord 40) and the emission spectrum integral
were measured for series of samples and standard concentrations.
The gradients of the emission integral vs absorbance plots were
determined for the samples and the standard (B, BSt) and the quan-
tum yield (U) was calculated as

U ¼ USt
B
BSt

n2

n2
St

where USt is the known quantum yield of the standard, while n and
nSt are the sample and standard solution refractive indices. Concen-
trations were kept in a range where the absorbance values at the
excitation wavelength were below 0.1.

2.7. Internalization profile of nanodots on MonoMac6 human cells

In vitro cellular uptake measurements were used to study the
interaction of CQDs with mammalian cells. Internalization of nan-
odots was measured on MonoMac6 human monocytic cell line
(DSMZ, ACC-124 [52]) by using a BD LSR II flow cytometer (BD Bio-
sciences, San Jose, CA, USA) with 488 nm (Coherent Sapphire, 22
mW) laser. MonoMac6 cells were maintained as an adherent cul-
ture in RPMI-1640 media supplemented with 10% heat-
inactivated foetal calf serum (FCS) L-glutamine (2 mM) and gen-
tamicin (35 lM) at 37 �C in humidified atmosphere containing 5%
CO2. Cells were treated with the nanodots at 0.3 and 0.15 mg/ml
final concentrations and were incubated for 1.5 h. After washing
twice with serum free RPMI medium, supernatants were removed
and 100 lL 0.25% trypsin was added to the cells. Two minutes
incubation with trypsin was followed by the addition of 0.8 mL
10% FCS/HPMI medium then cells were washed and re-
suspended in 0.25 mL HPMI (HPMI: 100 mM NaCl, 5.4 mM KCl,
0.4 mM MgCl2, 0.04 mM CaCl2, 10 mM HEPES, 20 mM glucose,
24 mM NaHCO3 and 5 mM Na2HPO4 at pH = 7.4 [53]). The intracel-
lular fluorescence intensity of the cells was measured on channel
FITC

LP505 (emission at k = 505 nm; LP 505, BP 530/30, excitation
k = 488 nm) and data were analysed with FACSDiva 5.0 software.
All measurements were performed in triplicates and the mean flu-
orescent intensity and the percentage of FITC positive (nanodot
containing) cells was graphically presented. To assess relative via-
bility, percentage of live cells was compared to untreated control
cells.

Parallel with flow cytometry measurements, to visualize the
uptake and cell morphology after nanodot treatments, microscopic
images of MonoMac6 cells were captured. Washed and resus-
pended cells were plated on a 96-well flat bottom tissue culture
plate and images of the adherent cells were captured using an
Olympus CKX41 microscope (Hamburg, Germany, equipped with
Olympus U-RFLT50 mercury-vapor lamp, WideBlue DM500
BP460-490 BA520 IF filter, excitation wavelength range: 460–
490 nm, objective: 20�).
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3. Results and discussion

3.1. Synthesis

Carbon nanoparticles were prepared in four different ways
(CQD1–4), applying conditions summarized in Table 1. In the
refluxing experiments the reaction mixture turned the color to
black gradually during the 16 h synthesis. Following purification
and lyophilization, the sample prepared in DMSO (CQD3) was iso-
lated as a black powder while the one created in water (CQD1) had
a dark green, sticky resin-like appearance. Sample to sample
batches were similar in appearance. Therefore, it must be men-
tioned that because of no particle formation could be detected in
case of CQD1, consequently these samples are left out from any
further characterization. Using microwave synthesis, the final
products after only 5 min reaction were dark brown to black pow-
dery materials after drying (CQD2 and CQD4), and their appear-
ance being similar in case of both water and DMSO solvents.

All samples could be readily re-dispersed in their respective sol-
vents after lyophilization without using any lyoprotectants. A
notable difference between the products was their apparent polar-
ity. CQD1 was only dissolvable in water. This fact combined with
the appearance indicates that particle formation is not achieved
at such mild reaction conditions. CQD2, prepared in water, was
readily dispersible in water and DMSO but appeared to aggregate
and sediment in organic solvents like ethanol, acetone, THF and
chloroform. This observation suggests that CQD2 particles have
highly hydrophilic surface. On the other hand, the particles pre-
pared in DMSO (CQD3, CQD4) could only be re-dispersed easily
in DMSO, and precipitated in water, suggesting a less polar surface
character.

In the aqueous medium used for biological experiments it is
necessary for the CQDs to be dispersed. To achieve this, we devel-
oped a method to transfer the CQD3 and CQD4 samples into aque-
ous medium using controlled precipitation. 10 mg particles were
dispersed in 2 mL of DMSO then added drop wise to 10 mL of water
under magnetic stirring (500 rpm). The resulting sol was then dia-
lyzed against 3 � 2 L water using 3500 MWCO regenerated cellu-
lose membrane. Under these conditions CQD3 formed a stable sol
without any signs of aggregation or sedimentation even after
1 month of storage. CQD4, however, precipitated and sedimented
on a timescale of minutes. This indicates that there is a significant
difference in the polarity between the two samples and CQD4 is
the most hydrophobic particle.
3.2. Size, morphology and zeta-potential

Particle size was investigated using AFM in non-contact mode.
No distinctive particles could be found in sample CQD1. This,
together with the waxy appearance of the sample indicates that
reaction conditionswere not suitable to reach the particle formation
stage. As postulated by Zhu et al. acid and diamine-based carbon
nanoparticles form in a two-step process [21]. First a polycondensa-
tion step occurs between the carboxylic and amine groups resulting
in a polymer type intermedier. During the second carbonization step
the polymer loses water at high enough temperature and the parti-
cles are formed. Ogi et al. postulates that in the reaction between
citric acid and urea first a citric acid amide is formed at lower tem-
peratures. Increasing the temperature results in further condensa-
tion between citric acid and citric acid amide molecules leading to
ring structure and consequently CQD formation [54].

If a similar particle formation mechanism was assumed, the
reaction only proceeded to the polymerization step in the case of
CQD1, likely due to the low boiling point of the aqueous solution.
Therefore, this system was omitted from further investigations.
The AFM images of the three other samples are shown in Fig. 1.
Particles appear to be spherical in shape with an average diameter
of 1–2 nm and narrow size distribution. DLS measurements also
support the small size of the particles as no meaningful size could
be determined, indicating that hydrodynamic diameters are below
10 nm. The average diameters determined from AFM height pro-
files (n > 2000) show that within this small size range, there is a
significant difference in the diameters of the CQDs (Table 1).
CQD2 particles had an average diameter of (1.7 ± 0.1) nm (confi-
dence level of 95% and taking into account the vertical accuracy
of the AFM). Comparably, the average size of CQD3 was slightly
smaller, at (1.2 ± 0.1) nm while CQD4 particles had an average
diameter of (0.9 ± 0.1) nm. The differences in size can be attributed
to the different reaction conditions. In the case of aqueous micro-
wave assisted heating, due to the lower boiling temperature of
water particle formation was slower resulting in bigger particles.
The high boiling point of DMSO (189 �C) could help to accelerate
the particle formation step as the higher temperature favors the
carbonization step leading to more compact particles.

Zeta-potential of the water dispersible particles, CQD2 and the
stable sol of CQD3 was characterized by electrophoretic mobility
measurements. Both particles exhibited a negative potential,
(�30.7 ± 0.3) mV for CQD2 and (�14.2 ± 1.4) mV for CQD3. The
decrease in zeta potential can be paralleled with the decrease in
apparent polarity of the particles. The negative values can be
attributed to surface carboxylic groups. According to the particle
formation mechanism, these carboxylic groups take part in the ring
closure reaction leading to the formation of the aromatic core of
the CQDs. Higher temperatures favor this process, leading to
decreased carboxylic group content and subsequently reduced zeta
potential.

3.3. Composition and chemical structure

Chemical composition of the CQD samples was determined
using XPS. Results of quantitative evaluation of the overall intensi-
ties of high resolution O1s, N1s, C1s and S2p XPS spectra are pre-
sented in Fig. 2, together with the calculated values for the 2:1 M
ratio of the precursor (urea:citric acid) constituents. As seen, the
basic change happened in the course of the reaction is the loss of
oxygen and the relative increase of carbon content. The nitrogen
content also slightly reduced. Since the precursors contain no sul-
fur, the presence of sulfur in CQD3 and CQD4 originates from the
DMSO solvent used in the preparation.

The chemical environment of the elements presents in the CQD
samples can be quantitatively characterized after performing accu-
rate peak fitting procedure of the recorded spectral lines. In the
applied experimental conditions, the FWHM (full width at half
maximum) of the symmetric C1s, N1s and O1s components of
the CAN and CAO bonds are in the range of 1.8–1.9 eV. The energy
position of the C1s, N1s and O1s peak components and their
assignment to different bonding states are based on the assumed
analogy with polymer substances of well-defined structure mea-
sured reliably at similar conditions [55]. A large number of exam-
ples of such compounds are reported in the literature [56,57,58].
Recently published data on cold plasma treated carbonaceous
materials containing N and O atoms were also incorporated in
the bonding assignment [59].

The results of the peak fitting procedures for the three CQD
samples are presented in Fig. 3 and Table 2. The energy position
and also the widths of the peak components used for fitting all of
the recorded CQD peak envelops does not differ more than
±0.1 eV of the values cited in the Table 2.

Attempts have been made to describe the reaction mechanism
of the carbon quantum dot formation using these or similar precur-
sors [21,60]. In addition to the complete graphitization, CANAO



Fig. 1. AFM topography images of CQD samples.

Fig. 2. Chemical composition (atomic %) of the precursor and the prepared CQD
samples. Error bars represent 5% relative error.
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containing molecular chains or fragments are suggested as inter-
mediate states primarily responsible for the luminescence
[61,62]. Considering of the suggested structures, here we propose
such molecular fragments (C1–C5 in Table 2) for fitting the C1s
lines what may be applied to construct those molecular structures.
On the other hand, we thought that these components may repre-
sent decomposition residues from the precursors and also the
reports intermediate states.

The N1–N3 and the O1–O3 components proposed for fitting the
N1s and O1s spectra are involved as the corresponding counter-
parts of the C3–C5 components. The C1 component, apparent at
284.3 eV, represents the graphitic carbon in the samples. The C2
component at 285.1 eV being either CACH residue or intermediate,
ill-defined (amorphous) sp3 type carbon attached to the graphitic
core.

Attempts, though not very detailed, were made to characterise
the chemical moieties of similar carbon dot products by XPS [62].
Here we proposed and described a novel rigorous approach in
order to increase significantly the reliability of the chemical state
determination of the prepared CQD samples. The validity of our
peak fitting process with overlapping peaks and also the
bonding-state assignment of the components for the CQD samples
can be questioned unless self-consistency could be established
between these procedures. Except of our previous publication
[59] we were unable to trace similar approaches to validate the
quantitative evaluation of such individual chemical states. Here
we compare the concentration (atomic %) values of our fitted data
of the C3–C5 components with those of O1–O3 and of N1–N3 com-
ponents depicted in Fig. 4. The dark bars represent the carbon
atoms in the assigned chemical state. The amounts of the intercon-
nected heteroatoms are given in the sides of the carbon bars. Their
sum has to be equal to the carbon component within the expected
accuracy of detecting and evaluating the peak area intensities, tak-
ing into account the formula of the given chemical fragment.
According to the molecular fragments in Table 2 the C3 atom is
bound only to O3 atom. C4 is partly linked to O1 and also to N1.
C5 is bound to O2, N2 and N3. Here we considered that N3 was
bound to two carbon neighbours. The signal from the C1 aromatic/
graphitic carbon network is asymmetric, however, its shape is
dependent on the perfection of the structure what is not defined
yet for the carbon dot of such very small size. This is the reason
why we were unable to take it into account in our synthesis proce-
dure. However, we are conscious that this will affect the intensity
of the C2 peak and increases also the intensity of the C3 peak
bound to O3 type oxygen. The presence of the well-known p–p*
satellite transition of the graphitic network what we cannot count
here for technical reasons may also affect the shape of the back-
ground under the C1s envelope, thus may affect the relative inten-
sity of all components. Due to all these uncertainties of the data
evaluation, very exact matching could not be expected. Majority
of the data in the Fig. 4 is still found to be in reasonable agreement
confirming by this both the assignments of the peaks and also the
reasonable accuracy of the performed peak fitting.

According to the XPS results the following observations could
be made for the different CQD samples. Sample CQD2 has the low-
est carbon and the highest oxygen content. It is also dominated by
carboxylic and amide type oxygen in agreement with the respec-
tive carbon type. The presence of the carboxylic group can be asso-
ciated with the negative zeta potential of these particles. A
significant amount of graphitic carbon is also present in this sam-
ple indicating the presence of a separate graphitic core in the par-
ticle. In sample CQD3 an increase in the carbon and nitrogen
content was observed. The oxygen ratio, on the other hand,
decreased. The carboxylic/amide content was also reduced, while
the amorphous carbon content (C2) was significantly increased.
These changes are reflected in the zeta potential of the particles
as well. The decrease in the carboxylic content between CQD2
and CQD3 can be attributed to the elevated reaction temperature
that favors the ring closure procedure via the carboxylic groups.
The N1 type nitrogen also has a maximum in this sample. This frag-
ment can be assigned as a pyridine type nitrogen connected to the
particle core [59]. The sample also has a significant sulfur content
in the form of thiols, sulfides and sulfoxides, originating from the
DMSO solvent, indicating that the solvent participates in the reac-
tions and its sulfur content becomes incorporated into the parti-
cles. Sample CQD4 has the highest carbon ratio. This increase can
be attributed to the high C1 type aromatic carbon content, indicat-
ing the presence of an enlarged graphitic core. The polar group
content is concurrently decreased.

XRD results are presented in the units of scattering angle (2H),
the reduced diffraction vector (q) and the interplanar distances (d):

q ¼ 2 sin 2H
2ð Þ

k
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Fig. 3. Decomposition of the C1s, N1s and O1s photoelectron spectra of CQD samples to different chemical states. Direction of numbering of components (C1, C2, N1, N2, etc.)
is from low to high BE values.

Table 2
Decomposition of the photoelectron spectra: the binding energy (±0.1 eV) and chemical state assignation of various components and the surface composition (atomic %) of the
precursors (theoretical values) and the carbon quantum dot samples.

O1 O2 O3 N1 N2 N3 C1 C2 C3 C4 C5 S1 S2

BE (eV) 530.1 531.4 532.5 398.3 399.6 400.8 284.3 285.1 286.4 287.4 288.1 163.9 166.4
Chemical states

Surface composition (atomic %)

Precursors 4.8 14.3 23.8 19.0 9.5 4.8 23.8
CQD 2 3.2 16.0 4.5 1.9 10.9 1.9 24.3 11.2 5.9 6.1 14.1
CQD 3 2.8 8.8 3.1 4.0 10.2 1.7 25.4 19.9 5.0 7.2 8.1 3.5 2.8
CQD 4 2.7 9.7 4.3 2.2 8.7 1.2 36.5 13.9 6.6 5.6 7.7 0.0 0.8

*Note: the error of the quantitative XPS results is ±5 relative %.

G. Gyulai et al. / Journal of Colloid and Interface Science 549 (2019) 150–161 155
d ¼ q�1

Samples produced board peaks indicating an amorphous phase
(Fig. 5).

Different positions of reflections indicate different amorphous
phases. CQD2 and CQD4 had their peak maximum at 2H of
(27.1� ± 0.1�) and (26.4� ± 0.1�) corresponding to interplanar dis-
tances of (0.329 ± 0.001) and (0.337 ± 0.002) nm. These values
are commonly quoted to the interlayer separation between graphi-
tic layers [61] indicating the presence of the graphitic core of the
carbon nanodots. On the other hand, for CQD3 the peak maximum
can be located at 2H of (21.0� ± 0.1�), (0.423 ± 0.002) nm interpla-
nar distance, accompanied by further broadening. The increment of
the interplanar distance can happen due to increased nitrogen
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Fig. 4. Allocation of the various chemical states of oxygen and nitrogen to the
amount of corresponding carbon states cited in XPS Table 1 for the CQD samples
(Middle bars represent the amount of C1-C5 states, error bars represent ±5% relative
error).

Fig. 5. XRD patterns of CQD samples.

Fig. 6. Photograph of CQD sample dispersions under UV illumination.
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doping as was found in the case of nitrogen-doped graphene [63].
This is strengthened by the findings of XPS as CQD3 contains dou-
ble amount of aromatic nitrogen (N1, Table 2) compared to CQD2
and CQD4. The increased interplanar distance can also be attribu-
ted to an increased amorphous character of the particles [64] that
is confirmed by the more broadened peak shape and also the
higher hydrocarbon content determined by XPS (C2, Table 2). The
samples have common sharp reflections at 2H of 38.2�and 44.4�.
The Scherrer equation was used to calculate the crystallite sizes
based on these two peaks. For CQD2, CQD3 and CQD4 the 38.2�
peak gives 23.8, 24.0 and 24.7 crystallite sizes respectively while
the 44.4� peak leads to 25.8, 25.3 and 26.2 nm, respectively.
According to DLS and AFM the highly diluted forms of the samples
contained no particles in this size range. This means that these
peaks might be the result of reflection from secondary particles
formed during the drying of highly concentrated sols.

3.4. Fluorescence properties

Samples dispersed in the media they were synthesized in
(water and DMSO) under normal illumination gave the appearance
of a dark brown solution in the case of CQD2, CQD3 and CQD4,
while for CQD1 a dark olive-green color was observed. Under UV
light samples showed distinct greenish-blue luminescence except
CQD1, where no particles were detected, emitted a deeper blue
color (Fig. 6).

Samples exhibit broad absorption in the UV–Vis range (Fig. 7).
CQD3 and CQD4 show no distinctive peaks either in water or in
DMSO. On the other hand, CQD2 shows two pseudo peaks in the
330–350 nm and the 400–430 nm range. Fluorescence properties
of the particles were investigated using fluorescence spectropho-
tometry. The emitted light intensity as a function of emission
and excitation wavelength is presented in 3D spectrum in Fig. 7.
Spectra were recorded for all particle samples in water and DMSO.
CQD2 (prepared in water) had twomain luminescence regions cen-
tered around 350 nm excitation with 450 nm emission (Peak 1)
and 440 nm excitation with 500 nm emission (Peak 2). The pres-
ence of a further weak peak could be detected at smaller wave-
length, below 250 nm excitation and around 450 nm emission
(Peak 3). Dispersing medium had marked effect on the peak ratios.
In DMSO Peak 2 became more prominent. The position of these
two peaks did not change considerably. On the other hand, Peak
3 showed a remarkable red shift and appears at 280 nm excitation
and 500 nm emission wavelengths in DMSO.

Samples prepared in DMSO (CQD3 and CQD4) exhibited mark-
edly different fluorescence character. These samples also had their
main peaks in the Peak 1 and Peak 2 regions, however in DMSO the
region is broadened, and no individual peaks were observed. Peak
3 became even more red-shifted to 300–310 nm excitation and



Fig. 7. 3D fluorescence and UV–Vis absorbance spectra of CQD samples in water and DMSO.
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490–510 nm emission. In water the overall intensities were greatly
reduced, probably due to aggregation. In the case of CQD4 the
shape of the spectrum became almost similar to CQD2 in water,
while CQD3 retained its native spectrum shape. The fluorescence
peaks can be attributed to the various luminescence centers in
the particles. The Peak 3 region of fluorescence can be assigned
as p! p� transitions of sp2-hybridized carbon originating from
the conjugated electron structure of the particle core, while the
Peak 1 region can be assigned as n ! p� transitions at the carbon
lattice edge [65]. The lower energy Peak 2 fluorescence is com-
monly associated with n ! p� transitions of surface functional
groups of the particles [66]. It is important to note that CQD3 has
the most prominent fluorescence in the Peak 3 region, responsible
for the core luminescence. This correlates with the high aromatic
nitrogen content (N1) of this sample shown by XPS results.

Quantum yield of the samples in their native solvent medium
(in the case of CQD2 also in DMSO) was also determined using qui-
nine sulfate in 0.5 M H2SO4 aqueous solution as a standard. The
average measured values and their confidence intervals (triplicate
measurements, 95% confidence) are collected in Table 3.

In cellular assays, factors such as pH could have a dramatic
effect on the fluorescence intensity of fluorescent dyes and molec-
ular probes. Therefore, it is necessary to measure the effect of pH
on the fluorescence properties of the nanodots. The water dis-
persible CQD2 was used in these experiments, where 3D spectra
of the particles at constant concentration were recorded between
pH 3 and 12. It was found that the peak maximum positions shifted
slightly with, excitation peaks red-shifting from 345, and 439 nm
at pH 3 to 362 and 448 nm at pH 12, respectively. The relative
quantum yields of the particles also increased by 23% between
pH 3 and 12. About 20% of the change occurred between pH 3
and 7. This indicates that the quantum yield seems to correlate
with carboxylic type carbon moieties. Comparably the quantum
yield of fluorescein, a commonly used fluorescent dye in biological
applications, changes from 0.2 to 0.8, around 400% increase over a
pH range of 6 to 8 [67]. Therefore, it can be concluded that the CQD



Table 3
Fluorescence quantum yields, excitation and emission maximum wavelengths of CQDs dispersed in water and DMSO.

Sample Medium QY kex,1/nm kem,1/nm kex,2/nm kem,2/nm kex,3/nm kem,3/nm

CQD2 Water 0.272 ± 0.025 356 437 439 527 <250 450
CQD2 DMSO 0.268 ± 0.038 359 433 437 506 280 502
CQD3 Water n.m. – – 440 512 <250 498
CQD3 DMSO 0.042 ± 0.009 310 516 439 517 310 516
CQD4 Water n.m. 354 438 443 529 <250 454
CQD4 DMSO 0.079 ± 0.010 311 482 437 496 310 482

*Note: Excitation and emission wavelength values are accurate within ±1 nm.
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particles are ideal for bioimaging applications where pH indepen-
dency is a desired property.

3.5. Quantum dot internalization by human MonoMac6 monocytes

Flow cytometry is a sensitive tool to determine cell viability and
cellular uptake profile following treatment with fluorescent com-
pounds, nanoparticles [68] or quantum dots. The main advantage
of the technique allows the analysis on a per-cell basis. It has been
recognized that variations in intracellular fluorescence intensity
reflect differences on uptake rate. The intracellular fluorescence
intensity of a certain cell population stained for a specific quantum
dot is related to the internalized particles compared with
untreated negative control cells. Gating the live cell population
with increased intracellular fluorescence intensity, the percentage
of the quantum dots containing cells can be determined.

MonoMac6 humanmonocytes [52] were treated with CQD2 and
CQD3 nanodots at 0.3 and 0.15 mg/ml concentration. Following
exposure and removal of quantum dots by washing the cells (to
remove cell surface bound nanodots, cells were also trypsinized),
they were transferred to tubes. When preparing the samples for
assay, cells have been carefully harvested to avoid the loss or dam-
age of a certain subpopulations. Spontaneous cell death due to
sample preparation was determined for untreated control cells
(not more than 10–15% of death). A threshold for dead and live
cells was set on forward scatter and side scatter (FSC, SSC) to
exclude cell debris or any artefacts; the gating strategy was con-
firmed by propidium-iodide staining (PI gating data not shown).
The gates were obtained with FACSDiva software and used for
the data acquisition and analysis.

Viability of nanodot exposed cells was the same as viability of
the untreated control cells, which result clearly demonstrates that
none of the nanodots were cytotoxic at the applied concentration
range (Fig. 8A). According to the mean fluorescence value, relevant
Fig. 8. Internalization of carbon nanodots into human MonoMac6 monocytes. Cells we
1.5 h. Cell viability of untreated control was 86.8% ± 0.2%. Relative viability of the CQD2 a
increases in a concentration dependent manner. CQD3 nanodots showed a significan
fluorescence values and FITC positive percentage.
concentration-dependent internalization was observed for both
CDQ2 and CDQ3 nanodots (Fig. 8C). To compare internalization
rates the mean fluorescence values and percentage of FITC positive
cell population were used (Fig. 8B). The mean fluorescence inten-
sity of CQD3 treated cells was significantly higher than CQD2 trea-
ted cells (p < 0.0001, unpaired t-test). At 0.3 mg/ml concentration,
more than 70% of the cells were FITC positive. Moreover, even at
the lower concentration, intracellular fluorescent intensity of
CQD3 treated cells was almost 3-times higher than the mean fluo-
rescence intensity of the untreated control cells. Both values, the
mean fluorescence intensity and the percentage of fluorescence
positive cells (based on the applied channel, the FITC-positive cells)
indicate significantly different uptake rate for CQD2 and CQD3. It
has been shown that hydrophobicity can increase internalization
rates of both drugs [69] and nanoparticles [70]. CQD3 was shown
to have a more apolar character than CQD2 that could contribute
to its higher uptake. Surface charge is another property that deter-
mines the interaction between cells and nanoparticles. A cationic
surface character has been described to increase the internalization
rate of particles [71]. CQD3 has the highest nitrogen content of the
samples. In aqueous environment the nitrogen functionalities can
become protonated and gain a positive charge that can lead to
the increased internalization.

In Fig. 9 Column (1) the histograms of mean fluorescence inten-
sity of untreated and CQD3 treated cell population are presented. It
was found that distributions are symmetrical and unimodal for
untreated control and CQD3 exposed cell populations; the shift
in mean fluorescence intensity demonstrates the significant uptake
of CQD3 nanodots. Parallel with flow cytometry measurements –
from the identical cell sample – to visualize cell morphology and
the intracellular fluorescence microscopic images were also cap-
tured by a fluorescent microscope (Fig. 9, Column 2 and 3).
Washed, trypsinized (to prevent surface bound quantum dots from
interfering with the measurements) and re-suspended cells were
re treated with CQD2 and CQD3 nanodots at 0.15 and 0.3 mg/ml concentration for
nd CQD3 treated cells was more than 95% in each case. Cellular uptake of monocytes
tly higher internalization rate than CQD2 in accordance with the shift in mean



Fig. 9. Internalization of nanodot CQD3 using flow cytometry and fluorescence microscopy. Column (1) shows the histograms displaying mean intracellular fluorescence
intensity of untreated and CQD3 treated cell population (0.3 mg/mL; 1.5 h; FITC LP505; BP 530/30). Column (2) displays bright field images of untreated control cells and
CQD3 treated cells (0.3 mg/mL; 1.5 h). Column (3) displays untreated and CQD3 treated cells (0.3 mg/mL; 1.5 h) imaged with WideBlue Filter.
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imaged in a 96-well flat bottom tissue culture plate. It was found
that even with a mercury-vapor light source the CQD containing
cells were imaged with acceptable resolution and signal intensity
despite the relatively large unfocused background part and long
exposure time.

4. Conclusions

Carbon quantum dots (CQDs) with a variety of covalently bound
functional groups were synthesized from common precursors,
citric acid and urea. Four different synthesis methods have been
explored. When low energy thermal excitation was used, i.e.
refluxing in water at 100 �C, no particles were formed. We discov-
ered, however, that particles could be readily formed by such sim-
ple atmospheric refluxing for 16 h at 180 �C when using dimethyl
sulfoxide (DMSO) solvent. Applying the energetic microwave
assisted heating we also found that particles were formed already
in 5 min. All the synthesized carbon dots exhibited luminescence.

With eventual biomarker applications in mind the created
nanoparticle systems have been characterized based on their size,
luminescence, chemical composition, cellular uptake and toxicity.

The composition and chemical structure of the CQDs were
determined by a detailed X-ray photoelectron spectroscopic
(XPS) analysis. A direct interrelation was found between the fluo-
rescence properties and the surface chemical groups of the parti-
cles. It has been established that the luminescence quantum
yield (QY) is mainly dependent on the shell part of the dots, more
specifically on the overall oxygen content, and the amount of car-
boxylic type groups play the most important role in the determina-
tion of the fluorescence intensity.

Chemical composition also has marked effect on the surface
polarity of the CQDs. The samples exhibited a decreasing
hydrophilicity in the series CQD2, CQD3 and CQD4. This is reflected
in their aromatic, sp2-type carbon content that respectively
increases. Parallel to that, the carboxylic, amide type carbon content
is decreasing in the series thatwas independently confirmedby zeta
potential measurements. These two effects can lead to the decrease
in the polar nature of the particle making them increasingly more
hydrophobic. Surface polarity determines the aqueous dispersibility
of the particles and as such has crucial role in their biological
applications.

The CQDs were studied as potential cellular markers, employing
in vitro cellular internalization experiments. The water dispersible
nanoparticles proved to be non-cytotoxic in the studied concentra-
tion range and showed concentration dependent cellular uptake
and intracellular fluorescence, making them promising markers
both in flow cytometric measurements and fluorescence micro-
scopy. In these experiments it also became evident that in addition
to the quantum yield of the particles the surface polarity is of para-
mount importance. Sample CQD2 is highly water dispersible and
exhibits the largest QY. Sample CQD3 has a far smaller QY and is
barely water dispersible but proved to be more suited for cellular
staining due to the increased hydrophobicity promoting enhanced
cellular uptake. Sample CQD4, on the other hand, was too
hydrophobic for cellular internalization resulting in the aggrega-
tion of particles and precipitation in aqueous medium.

Considering that carbon nanodots have a promising potential
for bio-imaging and with further surface modifications these parti-
cles could serve as nanoparticulate carriers for drug delivery.
Future studies will focus on elucidating the effect of surface mod-
ifications on the mechanism of cellular uptake, the in vivo bio dis-
tribution and long-term toxicological risk.
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