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ABSTRACT: Herein, we utilized carbon nanodots (R-CNDs) for
the electrochemical detection of estrogens in tap and natural water
samples and simulated effluents from Swedish waste water
treatment plants (WWTPs). R-CNDs were prepared from 2-
aminophenol by solvothermal synthesis and used as a modifier for
chitosan-based selective membranes. The data obtained from
atomic force microscopy and transmission electron microscopy
suggest a spherical morphology of the R-CNDs with lateral size in
the range of 3−8 nm and the height of 1−8 nm. In contrast to most
other known carbon nanodots, R-CNDs are soluble in various
organic solvents, including apolar, and less soluble in water. Small
nanodots (3 nm) are more hydrophilic than large ones (6−8 nm)
and can be separated from the bulk suspension of R-CNDs in
heptane by their extraction into a water/ethanol mixture.
Suspensions of large R-CNDs in apolar solvents exhibit green photoluminescence, while small R-CNDs in polar solvents have
orange. This phenomenon was attributed to a solvatochromic rather than to a quantum effect. The R-CNDs were embedded on a
chitosan-modified pencil electrode and the electrode was applied for voltammetric determination of four abandoned estrogens:
estrone, estradiol, estriol, and ethynyl estradiol. The sensor demonstrates a group-selective response to the estrogens with a detection
limit of 17.0 nmol L−1. It can be applied to determine the estrogens in the range of 0.05−4.6 μmol L−1 in the presence of typical
interfering bioactive compounds, such as paracetamol, uric acid, progesterone, sulfamethoxazole, trimethoprim, ibuprofen, and
caffeine. The developed sensors show repeatability and reproducibility values of 1.8−3.4% and 4.3%, respectively. The efficiency was
proved by application for tap and lake water samples, where the recovery range was found to be 93−100%. The low cost, stability,
and high sensitivity and selectivity of fabricated sensors make R-CNDs a perspective modifier for electrochemical sensors for the
detection of estrogen microquantities in variable water samples.
KEYWORDS: carbon nanodots, 2-aminophenol, solvatochromic effect, hormone pollutants, estrogen, electrochemical sensors

■ INTRODUCTION
Over the past few years, carbon dots (CDs), have been the
focus of intense scientific research.1−4 CDs are carbonaceous
0-dimensional nanoparticles below 100 nm in diameter with
graphene cores and photoluminescent properties. They are
highly biocompatible and have various functional groups which
make them easy to modify. The graphene core of the
nanoparticles can be doped with heteroatoms such as B, P,
N, etc. These features make CDs attractive in biomedical,
environmental remediation, and energy applications, to name
but a few.5 Procedures developed for the preparation of CDs
can be divided into “top-down” and “bottom-up” approaches.
The top-down approach involves breaking large carbon
materials such as carbon nanotubes, carbon fibers, graphite
oxide, etc., using arc discharge, laser ablation, or electro-
chemical oxidation.6−8 Bottom-up synthesis involves the
pyrolysis of small organic molecules. Recently, the bottom-up

approach has become more popular due to its simplicity.
Various organic compounds such as citric acid9 or its mixture
with amines,10−12 saccharides,13 organic wastes, etc.,14 have
been used for CD preparation. The precursors can be
immobilized on silica or other porous supports,15−18 prior to
thermal or microwave treatments,19 to limit the particle size.
The physicochemical and biomedical properties of CDs

depend on the chemical composition of the precursors,
preparation procedure, and particle morphology.20,21 It has
been shown that doping of the CDs with nitrogen can
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essentially increase the photoluminescence quantum yield.22

The chemical composition of the solvents used for CD
preparation influences the dehydration and carbonization
processes of the precursors, affecting the formation of
conjugated π-domains of different sizes, which in turn leads
to different emission colors of CDs.23 Over the years, CDs
have been given nearly a dozen names depending on their
crystallinity, structural assemblies, size, chemical composition,
preparation procedure, and topology. These names include
carbon quantum dots, carbon nanodots, C-dots, graphene
carbon nanoparticles, polymer nanodots, carbon polymer dots,
carbonized polymer dots, carbogenic dots, carbon-based
quantum dots, etc.24 Small spherical CDs (1−5 nm) obtained
by bottom-up approaches from small organic precursors are
commonly called carbon nanodots (CNDs). Despite intensive
investigation, CNDs are still characterized solely on their size,
without a defining functional composition, and the relationship
between the synthesis, structure, and properties of CNDs is
unclear.
Nanomaterials are widely employed in electroanalytical

chemistry as electrode modifiers to amplify signals and
improve selectivity. CNDs are of interest in this field due to
their excellent electroconductivity and large active surface
areas.25,26 However, most CNDs are hydrophilic due to the
high density of polar (COOH) functional groups on their
surfaces.27 The chemical composition of CNDs makes their
noncovalent immobilization onto the surface of hydrophobic
carbon electrodes difficult, due to their dissolution in aqueous
media and the permanent desorption of the particles from the
electrode surface, which reduces the sensor reproducibility.28

To overcome this problem, less water-soluble CNDs can be
used. Recently, a procedure for the preparation of CNDs from
2-aminophenol (R-CNDs) was reported.29 R-CNDs are poorly
dispersed in water but well dispersed and colloidally stable in
apolar solvents. Additionally, R-CNDs are nitrogen-doped
nanoparticles, which improves their electron-donor properties
and thus the selectivity of electrodes modified with R-CNDs.30

Recently, endocrine disruptors (EDs), organic compounds
that interfere with human endocrine function and transform
hormones, have been the focus of much societal interest. EDs
include estrogenic compounds such as estrone (E1), estradiol
(E2), estriol (E3), and ethynyl estradiol (EE2), Figure 1. Most
conventional drinking water treatment plants and wastewater
treatment plants are not capable of removing these EDs when
present in low concentrations.31 Thus, analytical methods for
the identification and quantification of EDs in water are

required. Several approaches have been proposed, among
which are optical biosensors based on 6-(O-carboxymethyl)-
oxime-modified bovine serum albumin32 and Cd quantum
dots.33 The electrochemical detection of estrogenic com-
pounds in environmental waters using copper(II)−meso-
tetra(thien-2-yl)porphyrin complexes immobilized on reduced
graphene oxide34 as well as graphite paste electrodes enriched
with graphene oxide quantum dots immobilized on meso-
porous silica35 have been reported. However, simpler, more
ecofriendly electrochemical sensors for ED detection are still
required.
In the present work, R-CNDs synthesized from 2-amino-

phenol via a solvothermal carbonization method were
embedded onto a chitosan-modified pencil-graphite electrode
and were studied as selective membranes for the electro-
chemical determination of the estrogenic compounds
presented in Figure 1.
Chitosan (Chit) is a linear amino-polysaccharide capable of

undergoing self-assembly in which individual chains associate
to form macroscopic hydrogels. For this reason, chitosan
demonstrates excellent adhesion and film formation proper-
ties.36 Chit shows weak cationic polyelectrolyte properties, and
thus, it is widely used to incorporate anionic compounds into
selective membranes.37,38 As mentioned above, CNDs possess
peripherical carboxyl functional groups that can interact with
functional groups of chitosan, resulting in hybrid Chit/CDs
film. This approach has been used in the current research to
fabricate a selective membrane on the pencil-graphite
electrode, as demonstrated Scheme 1.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Organic solvents (ethanol, heptane,

cyclohexane, chloroform, diglyme, ethyl acetate, and acetonitrile),
acids (phosphoric, boric, and sulfuric), sodium hydroxide, sodium
nitrate, potassium chloride, potassium hexacyanoferrate(II) trihydrate,
and potassium hexacyanoferrate(III) (all ACS Reagent grade) were
purchased from Sigma−Aldrich and were used without any further
purification. 2-Aminofenol from Oakwood Chemical was recrystal-
lized from water before use. Seventeen β-estradiol (E2, ≥98%) and 17
α-ethynylestradiol (EE2, ≥98%) were purchased from MP BIO-
MEDICALS. Estrone (E1, 99+%), estriol (E3, 97%), and chitosan
(MW 100000−300000) were obtained from Acros Organics. All
aqueous solutions were prepared using ultrapure water obtained from
the PURELAB Classic water-purification system (Elga, U.K.). Dialysis

Figure 1. Chemical structures of the estrogenic compounds
investigated.

Scheme 1. (a) Synthesis of R-CNDs from 2-Aminophenol
and (b) Fabrication of Chitosan-Modified Pencil-Graphite
Electrode with Embedded R-CNDs
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tubes from Spectrum Lab with pore sizes of 500−1000 D were used
for nanoparticle purification.
Apparatus and Characterization Techniques. The pH of the

solutions were measured using a PHS-3E (China) meter with
BioTrode (Hamilton, USA) electrode. Fourier transform infrared
spectra (FTIR) were measured on a ALPHA II (Bruker, Germany)
spectrometer using the attenuated total reflectance mode (ATR) with
a diamond crystal. The spectra were recorded in the 400−4000 cm−1

range. Ultraviolet−visible (UV−vis) absorption spectra in the 200−
450 nm range were measured on a UV-M51 UV−visible
spectrophotometer from BEL Engineering (Italia). Photolumines-
cence measurements of liquid samples were made using an LS 55
PerkinElmer (U.K.) luminescence spectrometer with 1 cm optical
path length quartz cuvettes. The spectra were analyzed using
Spectragryph software 1.2.15.39 Atomic force microscopy (AFM)
images were obtained using a Bruker MultiMode 8 AFM microscope
fitted with a Si-tip cantilever with a force constant of 0.4 N m−1 and a
resonance frequency of 70 kHz, used in tapping mode. For AFM
measurements, the samples of R-CNDs were diluted in ethanol, and a
single drop of the suspension was added on a clean mica surface and
then dried in a nitrogen flux for 2 h. The statistical analysis was
performed using Gwyddion 2.53 software. The size, morphology, and
microstructure of the R-CND particles were investigated by
transmission electron microscopy (TEM) and high-resolution (HR)
TEM on a JEOL JEM 2100F electron microscope, which operated at
200 kV with a field emission gun. The samples for TEM analysis were
prepared by dropping a small amount of the suspensions onto a Cu
grid covered with a thin (3−5 nm) layer of amorphous carbon. Cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
measurements were performed on an EmStat4s LR portable
potentiostat from PalmSens BV (Netherlands), using a three-
electrode cell comprising an Ag/AgCl (in 3 M KCl) reference
electrode, Pt wire auxiliary electrode, and pencil-graphite electrode
(PGE, pencil lead, HB, produced by Niceday) (modified or bare) as

the working electrode. All electrochemical experiments were
performed at room temperature in 0.04 mol L−1 of Briton-Robinson
buffer (BRb).
Synthesis of R-CNDs. R-CNDs were prepared from 2-amino-

phenol according to the procedure published by Huang et al.40 Briefly,
0.4 g of 2-aminophenol dissolved in 30 mL of ethanol was transferred
into a Teflon-lined autoclave cartridge (200 mL) and heated at 180
°C for 12 h. After cooling, the cartridge content was centrifuged at
9000 rpm for 15 min. The supernatant was filtrated through a 0.45
μm hydrophobic polytetrafluoroethylene membrane, yielding a brown
suspension of raw R-CNDs in ethanol. For purification, the
suspension was transferred into a dialysis membrane bag and the
dialysis was performed under constant agitation for 48 h with
deionized water. Finally, the suspension was dried in a vacuum at
room temperature and then re-dispersed (by sonication) in ethyl
acetate, yielding a 0.475 g L−1 suspension of R-CNDs.
Preparation of R-CNDs Suspensions in Organic Solvents.

The stock suspension of R-CNDs in ethyl acetate (475 mg L−1) was
used to prepare diluted suspensions in different solvents. 250 μL
aliquots of the stock were transferred to volumetric flasks (50 mL),
and the solvent was evaporated under a flow of nitrogen. Then, 50 mL
of the appropriate solvent was added, and the particles were dispersed
by sonication.
Electrode Fabrication. For activation and cleaning, the bare PGE

(the working region was 1.0 cm of length and 0.7 mm in diameter)
was immersed in 1 mol L−1 of H2SO4 and cycled between +0.15 and
+1.15 V for 20 scans with a scan rate 25 mV s−1, then rinsed with
distilled water, and dried at room temperature. R-CND modified PGE
electrodes were prepared as follows: 0.5 mL of a R-CNDs suspension
(2.5 mg L−1 in ethanol) was added to a 0.5 mL suspension of 0.4%
chitosan (Chit) in 1% acetic acid; this was then sonicated for 1 h at 35
°C. 50 μL of the prepared modifier (CNDs/Chit) was drop-cast onto
the activated PGE and left to dry under ambient conditions for 4 h.
Finally, the modified electrode (PGE-CNDs/Chit) was immersed in

Figure 2. (a) FT-IR spectra of R-CNDs and 2-aminophenol; (b) digital photograph of R-CNDs in ethyl acetate (left), CNDs obtained from citric
acid (center), and R-CNDs in ethanol (right) obtained under UV lighting; (c) UV−vis absorption spectra of R-CNDs in heptane, ethyl acetate, and
ethanol; (d) photoluminescence spectra of R-CNDs and 2-aminophenol (2APh) in different solvents (concentration of R-CNDs is 24 mg L−1).
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0.5 mol L−1 of H2SO4 for 1 h to remove excess, unbonded particles;
washed with water; and air-dried. The Teflon film was used to delimit
the modified and nonmodified areas of pencil lead, resulting in the
geometric area of the working electrode at 21.4 mm2. An electrode
that was only modified by chitosan (PGE-Chit) was made by the
same procedure and used as a reference. All electrodes were cleaned
before the experimental measurements using cyclic voltammetric
scans in BRb solution over the same potentials.

■ RESULTS AND DISCUSSION
FT-IR Characterization of R-CNDs. The FT-IR spectra,

Figure 2a, of R-CNDs (black) and the precursor (2-
aminophenol, red) have essential differences. The spectrum
of 2-aminophenol contains characteristic narrow peaks at 3302
and 3370 cm−1 attributed to O−H/N−H stretching
vibrations.41 A broad signal with a maximum at 3200 cm−1

was observed in the R-CNDs spectrum, indicating the presence
of O−H groups. This broadening is commonly observed for
various nanoparticles42 and reflects the presence of -OH
groups in different local environments. Similar results have
previously been reported for aminophenol after polymer-
ization.43 Low-intensity peaks at 2700−3020 cm−1 were
observed in both spectra and attributed to C−H stretching
in aromatic rings. The spectrum of R-CNDs also contains N−
H bending vibrations at 1570 cm−1 and a C�O vibrational
absorption band at 1640 cm−1.44 The intense peak at 1345
cm−1 can be assigned to the vibration of C−N bonds,45 and
the peak at 1100 cm−1 was attributed to the stretching

vibrations of newly formed C−O−C bonds in the nano-
particles.
UV−Vis and Photoluminescent Properties of R-CNDs.

The UV−vis absorption spectra of R-CND suspensions in
heptane, ethyl acetate, and ethanol exhibit two absorption
bands at 285 and 430 nm, Figure 2c. The band positions shift
slightly depending on the solvent, particularly at longer
wavelengths; this is attributed to electronic transitions in the
conjugated graphene structures of R-CNDs.46 Increasing the
solvent polarity causes the bathochromic shift of the
absorption bands of R-CNDs from 424 nm (for the suspension
in hexane) to 431 nm (for ethyl acetate) and further to 439 nm
(for ethanol), Figure 2c.
Suspensions of R-CNDs in organic solvents demonstrate

intensive photoluminescence, Figure 2d. The chemical nature
of the solvents impacts the intensity and position of the
photoluminescent emission bands. As the solvent polarity
increases, the R-CND emission peak gradually shifts from 501
to 531 nm. The intensity of photoluminescence also decreases
with the solvent polarity, Figure 2d. It is important to note that
the precursor for R-CNDs synthesis (2-aminophenol) does not
exhibit similar photoluminescence, Figure 2d. From these
results, it can be concluded that the solvatochromic photo-
luminescence of R-CND suspensions has been observed. This
effect was recodered for different organic chromophores, and
beak shifts have been attributed to increasing dipole−dipole
interactions between the chromophore and the solvent. While

Figure 3. AFM images of R-CNDs: (a) after dialysis and (b) with being extracted in heptane and embedded on a mica substrate. Line height profile
marked on R-CNDs images: (c) in water−ethanol and (d) in heptane, respectively.
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increasing the solvent polarity causes a red shift in the
photoluminescence of chromophores,47 solvatochromic photo-
luminescence of nanoparticles is much rarer.48 The solvent-
dependent photoluminescence of the CDs could be explained
by an alternative theory. It has been reported that CDs
obtained by solvothermal synthesis from the same precursor
but in different solvents emit light at different wavelengths.49

The working hypothesis is that the solvents play an essential
role in the dehydration and carbonization of the precursors,
resulting in the formation of domains with different sizes of π-
conjugated systems, which in turn lead to different emission
colors.50

Characterization of the R-CNDs Morphology. Because
the R-CNDs demonstrate solvatochromic photoluminescence,
it was hypothesized that this phenomenon could be a
manifestation of the quantum effect discovered for semi-
conductive quantum dots.51 To investigate this theory, the size
and morphology of R-CNDs in a water and ethanol mixture
[R-CNDs suspension in ethanol was diluted with water to
obtain better AFM images] (a polar medium) and in heptane
(an apolar, aprotic solvent) were studied. The particle
morphologies were investigated by AFM and TEM. Figure 3
shows the AFM images of the R-CNDs and their
corresponding height profiles. The data shows that the heights
of R-CNDs dried from water/ethanol range from 1.5−8 nm,
constituting predominantly of small (1.5−2 nm) particles. The
particles are well distributed on the mica surface, indicating a
lack of agglomeration (Figure 3a,c). According to AFM images,
the R-CNDs embedded from hexane have particle heights in
the range of 1.5−8 nm, but in this instance the majority of the
nanoparticles are 4−7 nm, Figure 3b,d.
TEM images of R-CNDs embedded from the ethanol/water

mixture onto a hydrophobic grid demonstrates agglomeration
of the nanoparticles during solvent evaporation, Figure 4b.
From the low-magnification TEM image, it can be observed

that the particles stay at the droplet edge, due to the
nonwetting nature of the interface, Figure 4a. Conversely, due
to a good wetting, R-CNDs dried from heptane stay mainly in
the ultrathin, lowest part of the carbon grid, Figure 4c. The size
of the R-CNDs was evaluated from their high-resolution TEM
images. Even though precise measurements of the particle sizes
are difficult due to their agglomeration, it is clear that R-CNDs
embedded from heptane are significantly larger than those
embedded from ethanol/water, Figure 4b,d. From the
thickness contrast and the lattice fringes, it can be estimated
that the average size of the R-CNDs dried from ethanol/water
is about 3 nm, while those dried from heptane are 6−7 nm.
The lattice fringes of the R-CNDs can clearly be seen in the
high-resolution images, Figure 4b,d. The interplanar spacing of
one set of fringes was measured as 0.20 nm in Figure 4b, which
corresponds to the (101) plane of graphite. A similar
measurement was done for the fringes in Figure 4d, and the
interplanar spacing was measured as 0.33 nm, corresponding to
the (002) plane of graphite.
From the data acquired by AFM and TEM, it can be

concluded that R-CNDs obtained in this study have lateral
sizes in the range of 3−8 nm (from TEM images) and the
heights between 1 and 8 nm (from AFM images) and can
therefore be considered spherical nanoparticles, as is typical for
CNDs.52

From the data obtained, it can be concluded that larger R-
CNDs particles are more soluble in lipophilic media. This
phenomenon can be explained by the greater hydrophobicity
of the larger R-CNDs, which like most other CNDs, having
hydrophobic graphene cores and hydrophilic edges.53 Thus,
small particles having a higher surface (hydrophilic) to volume
(hydrophobic) ratio, making them more hydrophilic than
larger particles.
Despite the fact that suspensions of large R-CNDs in

heptane exhibit green photoluminescence, while small R-
CNDs in water-containing media exhibit orange luminescence,
we have doubts about the quantum nature of this effect, and
instead consider it as a manifestation of the solvatochromic
effect.
Electrochemical Properties of PGE-CNDs/Chit Elec-

trodes. The electrochemical properties of PGE-CNDs/Chit
electrodes were studied by CV and the results were compared
with PGE/Chit and bare PGE electrodes. EE2 was chosen as
an estrogen analyte for preliminary experiments as it was the
least harmful, so safest to practically handle in the lab. Figure
5a shows cyclic voltammograms (CVs) of 2.1 μmol L−1 of EE2
on different electrodes between −0.2 and +1.0 V. All of the
electrodes studied show an anodic peak corresponding to EE2
oxidation at a potential of +0.77 V. The oxidation of EE2 on
the bare carbon electrode is observed due to interactions
between surface carboxylic groups (generated during the
activation step) of the electrode and the analyte. In addition,
π−π interactions between graphite layers and the aromatic ring
of EE2 may provide a minor contribution. Chitosan is a
derivative of the most widespread nontoxic, biodegradable, and
biocompatible natural amino polysaccharide. Three types of
reactive functional groups make the chitosan suitable for
modification through the reaction with aldehydes, H-bonding
with polar atoms, etc.54 It is well-known chitosan is a good
stabilizer and dispersing agent with an excellent film-forming
capacity and good adhesion,55 which can improve the
electrochemical sensitivity of the electrode toward organic
molecules.56 The coverage PGE with chitosan film blocks

Figure 4. (a) Low-magnification and (b) high-resolution transmission
electron microscopy images of R-CNDs in water; (c) low-
magnification and (d) high-resolution images for the R-CNDs in
heptane. The insets show the solvatochromic effect in photo-
luminescence of the corresponding samples: orange in the water
phase and green in the heptane phase.
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surface carboxyl groups, but hydroxyl and amino groups of
chitosan film, which become new surface groups, provide
interactions with EE2 molecules, thereby maintaining the
oxidation process. The slightly higher signal at the PEG-Chit
electrode (Figure 5a, orange curve) is attributed to the larger
number of interactions resulting in more oxidized EE2
molecules compared with the PEG electrode. It should be
noted the main role of chitosan in electrode composition is a
fixation of R-CNDs onto the electrode surface. According to
characterization results of R-CNDs, the particles contain N−H,
-OH, and C�O groups, so they can be easily bonded to
chitosan. It can be clearly seen in Figure 5a (blue curve) that
PGE-CNDs/Chit demonstrate the EE2 peak current nearly
doubling compared to that of the bare PGE and PEG-Chit
electrodes. No doubts the enhancement of analytical signal is
related to the effect of R-CNDs on electrode composition. We
assume the increased affinity of the analyte toward the
modified electrode could be the result of a synergistic effect
of the presence of several functional groups of R-CNDs as well
as the due to π−π interactions between graphene layers of R-
CNDs and aromatic moieties in EE2. It is also assumed that
the enhancement of PGE-CNDs/Chit electrode sensitivity to
EE2 could be a result of enlarging the electrode surface area

and increasing the embedded layer electroconductivity due to
the presence of R-CNDs in it. Nevertheless, the obtained
results indicate the effectiveness of electrode modification with
R-CNDs.
To determine the optimal conditions for ED determination,

CVs of EE2 (2.1 μmol L−1) solutions were studied between
pH 4 and 9, Figure 5b. It was found that the potential of the
EE2 oxidation peak decreases with an increase in the solution
pH, indicating a proton-dependent oxidation reaction. A linear
correlation between the peak potential and the solution pH
with a slope of 0.058 was found, corresponding to the Nernst
theoretical value (at 20 °C) for a redox reaction with the same
number of protons and electrons involved. This observation is
in agreement with the literature57,58 in which the specific
oxidation of the hydroxyl group at carbon no. 1 in estrogens, as
illustrated in Figure 5e, has been reported. The process starts
with the one electron and one proton oxidation of EE2 to form
an oxy-radical at the hydroxyl group of carbon no. 1, followed
by the rapid loss of a second electron and proton, resulting in
the formation of ketone group in the first ring and π-bond in
the second ring of EE2.59 The best analytical signal was
observed at pH 6 (Figure 5b). For this reason, further
measurements were conducted at that pH.

Figure 5. Electrochemical properties of the electrodes in the voltammetric determination of EE2: (a) CVs of EE2 (2.1 μmol L−1) on PGE-CNDs/
Chit, PGE-Chit, and bare PGE electrodes in 0.5 mol L−1 solution of NaNO3 with pH = 5.0; (b) CVs of EE2 (2.1 μmol L−1) on PGE-CNDs/Chit
electrode in 0.5 mol L−1 solution of NaNO3 in pH range 4.0−9.0; (c) dependence of the oxidation peak potentials vs solution pH; (d) impact of
electrolyte concentration and composition on CVs of EE2 (2.1 μmol L−1) on PGE-CNDs/Chit electrode at solution pH = 6.0; (e) mechanism of
the electrochemical oxidation of EE2.
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The influence of the composition and concentration of the
electrolyte used for EE2 analysis was also studied. The DPV
experiments were performed in BRb with pH = 6.0 containing
of 2.1 μmol L−1 of EE2. KCl and NaNO3 were analyzed as
electrolyte agents in the concentration range from 0.25 to 1.0
mol L−1. The histogram in Figure 5d shows that the current of
EE2 oxidation is higher in KCl solutions than in NaNO3
(when the concentration electrolyte are kept constant). The
gradual enhancement of the analytical signal is observed when
increasing of the electrolyte concentrations and reaches a
maximum at 0.75 mol L−1 of KCl. Thus, 0.75 mol L−1 of KCl
was chosen as a supporting electrolyte in further experiments.
Metrological Characteristics of the Method Used for

Voltammetric EE2 Determinations on PGE-CNDs/Chit
Electrode. In searching for a well-shaped analytical peak with
the highest peak current and the best signal-to-noise ratio, the
following parameters of differential pulse voltammograms
(DPVs) were examined: pulse amplitude (5−40 mV), pulse
time (50−200 ms), potential step (1−10 mV), and scan rate
(10−25 mV s−1). The following parameters were considered
optimal and used for further measurements: pulse amplitude =
40 mV, a pulse time = 100 ms, the potential step = 10 mV, and
the scan rate = 20 mV s−1.
The DPV measurements were performed with PGE-CNDs/

Chit electrodes under optimized conditions within a potential
range of −0.2 to +1.0 V, to study the analytical response of the
electrode as a function of EE2 concentration. All experiments
were executed in triplicate, and the average data are discussed.
Figure 6a a shows the DPVs of EE2 on PGE-CNDs/Chit
across a wide analyte concentration range, from 0.05 to 6.5
μmol L−1. The most intensive peak of current intensity is
observed at +0.64 V, and the magnitude of this peak is directly
proportional to the EE2 concentration. Figure 6b shows that
the optimal linear correlations between current intensity and

the EE2 concentration are observed across two ranges: from
0.05 to 0.4 μmol L−1 and from 0.4 to 4.6 μmol L−1. The
presence of two linear ranges in DPVs is commonly caused by
the saturation of the electrode surface due to the adsorption of
nonelectroactive products, resulting in the partial blocking of
surface redox sites.60

The respective calibration equations were determined as

R

Ip/ A (0.0052 0.0006 A) (0.397 0.006 A L mol ) EE2

( 0.997)

1

2

= ± + ± [ ]

=
(1)

R

Ip/ A (0.140 0.009 A) (0.222 0.005 A L mol ) EE2

( 0.998)

1

2

= ± + ± [ ]

=
(2)

where R2 is the determination coefficient. The estimated
sensitivities determined by the slopes of eq 1 and eq 2 are
0.397 and 0.222 μA L μmol−1, respectively. The limit of EE2
detection (LOD) of the method, calculated from the 3SD/
sensitivity ratio, where SD is the standard deviation obtained
from ten measurements of the blank solution, is within the
nanomolar range (17 nmol L−1).
To evaluate the repeatability of the PGE-CNDs/Chit

measurements, five experiments were performed in a single
day, with the same electrochemical cell containing 150 nmol
L−1 of EE2, using the same electrode (Supporting Information
Figure S1a). Similarly, the repeatability was determined using
the same PGE-CNDs/Chit electrode and the same cell
containing 150 nmol L−1 of EE2, but over 5 days (Figure
S1b). Both intraday and interday repeatability are expressed as
a percentage of the relative standard deviations (RSD) of the
peak of current intensity and were found to be 1.8% and 3.4%,
respectively. The reproducibility (Figure S1c) was also
evaluated for five different PGE-CNDs/Chit electrodes

Figure 6. (a) DPVs of EE2 on PGE-CNDs/Chit in 0.04 mol L−1 of BRb buffer at pH = 6.0 and in 0.75 mol L−1 of KCl (inset: DPVs of EE2
obtained in concentrations of EE2 between 50 and 400 nmol L−1); (b) linear correlation between peak current intensity and EE2 concentration;
(c) peak current intensity for different estrogens on PGE-CNDs/Chit at analyte concentrations of 0.15 and 1.17 μmol L−1; (d) peak current
intensity at PGE-CNDs/Chit for 150 nmol L−1 of EE2 in the absence and the presence of interferants, such as paracetamol (PC, 16 μmol L−1), uric
acid (UA, 10 μmol L−1), progesterone (PS, 10 μmol L−1), sulfamethoxazole (SMZ, 10 μmol L−1), trimethoprim (TMP, 50 μmol L−1), ibuprofen
(IP, 10 μmol L−1), and caffeine (CF, 10 μmol L−1).
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manufactured in the same way, the RSD was determined as
4.3%. Since PGE-CNDs/Chit electrodes have variations of less
than 5% between different electrodes for the desired analyte
analysis, the procedure as a whole can be considered precise,
and PGE-CNDs/Chit electrodes are suitable for EDs
determination. The storage stability of the developed PGE-
CNDs/Chit was studied over a period of 6 months by keeping
the electrode at 20 °C in an ambient atmosphere. After this
time, the signal response decreased by 8.6% (for 150 nmol L−1

EE2). The developed PGE-CNDs/Chit keeps repeatability
within the standard deviation in the first month. The prepared
modifier system CNDs/Chit keeps the ability to be used for
electrode manufacturing for over nine months.
The electrochemical behavior of the PGE-CNDs/Chit

electrodes was investigated for other selected EDs, such as
E1, E2, E3, and EE2, under unoptimized conditions. The DPV
investigations were performed for two concentration points,
0.15 and 1.17 μmol L−1. No difference in the potential of the
oxidation peak was observed. The registered maximum
currents (at 0.64 V) for all EDs studied and both
concentrations are depicted on Figure 6c. The current values
are varied within the standard errors. Thus, the PGE-CNDs/
Chit electrodes can be considered a group-selective electro-
chemical sensor, which is suitable for the determination of the
total concentration of estrogens in water samples.
The selectivity of PGE-CNDs/Chit toward E1, E2, E3, and

EE2 was studied in the presence of other concomitants that are
commonly found in wastewater systems. The DPV experi-
ments were performed for 150 nmol L−1 of EE2 solution under
unoptimized conditions. The recorded DPVs are shown in
Figure S2. Concentrations of the studied interferents were
selected on the basis of the latest report of their content in
effluents from Swedish municipal wastewater treatment
plants.61 The following interfering bioactive components
were studied: paracetamol (PC, 16 μmol L−1), uric acid
(UA, 10 μmol L−1), progesterone (PS, 10 μmol L−1),
sulfamethoxazole (SMZ, 10 μmol L−1), trimethoprim (TMP,
50 μmol L−1), ibuprofen (IP, 10 μmol L−1), and caffeine (CF,
10 μmol L−1). The results presented in Figure 6d show that
PGE-CNDs/Chit allows the determination of the EDs in the
presence of interfering bioactive components, since their
influence on the analytical signal does not exceed the
experimental error.
Table S1 presents a comparison of PGE-CNDs/Chit

electrode with other electrochemical assays reported in the
recent literature, applied for the determination of estrogens.
PGE-CNDs/Chit shows a lower lower-limit of the estrogen
concentration range. This and also high selectivity demon-
strated in Figures 6d and S2 make PGE-CNDs/Chit electrode
an excellent and promising system to be applied as a sensor for
the determination of total estrogen content in real water
samples. An additional advantage of the PGE-CNDs/Chit is
low-cost and the abundance of electrode components making
the assay competitive with other carbon-based systems for
quantification of endocrine-disrupting pollutants.62−65

PGE-CNDs/Chit Sensors for the Quantification of
Estrogens in Tap and Natural Water Samples. To
evaluate the applicability of PGE-CNDs/Chit electrodes in
the DPV-based determination of estrogens in tap and lake
water samples, a set of experiments was performed using the
standard addition method. The results of the experiments
(mean values, SD, and recovery) are presented in Table 1.

From the results presented, the recovery values vary within
the range of 93−105%, indicating good applicability of the
sensor in the analysis of real water samples with low impact of
matrix contaminants.

■ CONCLUSION
The formation of carbon nanodots from 2-aminophenol by
solvothermal synthesis was proven by FTIR spectroscopy,
TEM, and AFM. This method allows for the preparation of
photoluminescent, polydisperse, spherical carbon nanodots
with diameters between 3 and 8 nm.
In contrast to most other known carbon nanodots, R-CNDs

are soluble in various organic solvents (including apolar
solvents) and are less soluble in water. Smaller nanoparticles
(about 3 nm) are more hydrophilic than larger ones (6−8 nm)
and can therefore be separated from the bulk suspension of R-
CNDs in heptane by their extraction into a water/ethanol
mixture. The particles demonstrate photoluminescence with an
emission maximum at 500 nm in heptane and 530 nm in
ethanol. A bathochromic shift of the photoemission wave-
length and the simultaneous reduction of the emission
intensity was explained by solvatochromic effects, rather than
by a quantum effect. The increased sensitivity of a graphite bar
electrode coated with R-CNDs toward selected estrogens was
explained by the increase of the electrode surface area and the
increased affinity of the analytes toward the modified electrode,
due to π−π interactions between the graphene layers of the R-
CNDs and the aromatic moieties in estrogens. The sensor
demonstrates a group-selective response with a detection limit
of 17.0 nmol L−1 and can be applied for the determination of
the estrogens in variable water samples (from tap to natural,
and waste waters) between 0.05 and 4.6 μmol L−1 in the
presence of typical interfering bioactive compounds, such as
paracetamol, uric acid, progesterone, sulfamethoxazole, trime-
thoprim, ibuprofen, and caffeine.
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Induśtria de Petróleo (LaMAR/CAIPE), Universidade
Federal Fluminense, Niterói, Rio de Janeiro 24210-346,
Brasil; orcid.org/0000-0003-3483-6677

Anton Panteleimonov − Materials Chemistry Department, V.
N. Karazin Kharkiv National University, Kharkiv 61022,
Ukraine

Maria Strømme − Division of Nanotechnology and Functional
Materials, Department of Materials Science and Engineering,
The Ångström Laboratory, Uppsala University, Uppsala 751
03, Sweden; orcid.org/0000-0002-5496-9664

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.2c02219

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This study was financed in part by the Coordenacao de
Aperfeicoamento de Pessoal de Nivel Superior�Brasil
(CAPES)�Finance Code 001. This research used facilities
of the Brazilian Nanotechnology National Laboratory
(LNNano), part of the Brazilian Centre for Research in
Energy and Materials (CNPEM), a private nonprofit
organization under the supervision of the Brazilian Ministry
for Science, Technology, and Innovations (MCTI). The AFM
staff is acknowledged for their assistance during the experi-
ments (AFM-27716). V.Z. is grateful for the financial support
received from Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq) (Grants 315125/2021-7
and 438450/2018-3) and Fundação Carlos Chagas Filho de
Amparo a ̀ Pesquisa do Estado do Rio de Janeiro (FAPERJ)
(Grants E-26/200.939/2021, E-26/210.449/2021, E-26/
010.000978/2019, and E-26/010.1556/2019). O.T. is thankful
for the scholarship from the Royal Swedish Academy of
Sciences (KVA). T.M.B. acknowledges financial support from
Formas (Project 2020-02321). Y.X. acknowledges FAPERJ for
financial support (Grants SEI-260003/015805/2021). A.M. is
grateful to FAPERJ (E-26/201.511/2021) for the awarded
scholarship. O.T. and A.P. express their gratitude to the

Ministry of Education and Science of Ukraine for Grant No.
0119U002532.

■ REFERENCES
(1) Kottam, N.; S P, S. Luminescent Carbon Nanodots: Current
Prospects on Synthesis, Properties and Sensing Applications. Methods
Appl. Fluoresc. 2021, 9 (1), 012001.
(2) Maio, A.; Pibiri, I.; Morreale, M.; La Mantia, F. P.; Scaffaro, R.
An Overview of Functionalized Graphene Nanomaterials for
Advanced Applications. Nanomaterials 2021, 11 (7), 1717.
(3) Hu, C.; Li, M.; Qiu, J.; Sun, Y.-P. Design and Fabrication of
Carbon Dots for Energy Conversion and Storage. Chem. Soc. Rev.
2019, 48 (8), 2315−2337.
(4) Shi, X.; Wei, W.; Fu, Z.; Gao, W.; Zhang, C.; Zhao, Q.; Deng, F.;
Lu, X. Review on Carbon Dots in Food Safety Applications. Talanta
2019, 194, 809−821.
(5) Mandal, S.; Das, P. Are Carbon Dots Worth the Tremendous
Attention It Is Getting: Challenges and Opportunities. Applied
Materials Today 2022, 26, 101331.
(6) Yan, Y.; Gong, J.; Chen, J.; Zeng, Z.; Huang, W.; Pu, K.; Liu, J.;
Chen, P. Recent Advances on Graphene Quantum Dots: From
Chemistry and Physics to Applications. Adv. Mater. 2019, 31 (21),
1808283.
(7) Tian, P.; Tang, L.; Teng, K. S.; Lau, S. P. Graphene Quantum
Dots from Chemistry to Applications. Materials Today Chemistry
2018, 10, 221−258.
(8) Kottam, N.; S P, S. Luminescent Carbon Nanodots: Current
Prospects on Synthesis, Properties and Sensing Applications. Methods
and Applications in Fluorescence 2021, 9 (1), 012001.
(9) Alizadeh, T.; Shokri, M. A New Humidity Sensor Based upon
Graphene Quantum Dots Prepared via Carbonization of Citric Acid.
Sensors and Actuators, B: Chemical 2016, 222, 728−734.
(10) Liu, X.; Li, H. B.; Shi, L.; Meng, X.; Wang, Y.; Chen, X.; Xu, H.;
Zhang, W.; Fang, X.; Ding, T. Structure and Photoluminescence
Evolution of Nanodots during Pyrolysis of Citric Acid: From
Molecular Nanoclusters to Carbogenic Nanoparticles. Journal of
Materials Chemistry C 2017, 5 (39), 10302−10312.
(11) Wang, D.; Wang, Z.; Zhan, Q.; Pu, Y.; Wang, J. X.; Foster, N.
R.; Dai, L. Facile and Scalable Preparation of Fluorescent Carbon
Dots for Multifunctional Applications. Engineering 2017, 3 (3), 402−
408.
(12) Qu, D.; Zheng, M.; Zhang, L.; Zhao, H.; Xie, Z.; Jing, X.;
Haddad, R. E.; Fan, H.; Sun, Z. Formation Mechanism and
Optimization of Highly Luminescent N-Doped Graphene Quantum
Dots. Sci. Rep. 2014.
(13) Yang, Z. C.; Wang, M.; Yong, A. M.; Wong, S. Y.; Zhang, X. H.;
Tan, H.; Chang, A. Y.; Li, X.; Wang, J. Intrinsically Fluorescent
Carbon Dots with Tunable Emission Derived from Hydrothermal
Treatment of Glucose in the Presence of Monopotassium Phosphate.
Chem. Commun. 2011, 47, 11615.
(14) Wu, Z. L.; Liu, Z. X.; Yuan, Y. H. Carbon Dots: Materials,
Synthesis, Properties and Approaches to Long-Wavelength and
Multicolor Emission. J. Mater. Chem. B 2017, 5 (21), 3794−3809.
(15) Rao, L.; Tang, Y.; Li, Z.; Ding, X.; Liang, G.; Lu, H.; Yan, C.;
Tang, K.; Yu, B. Efficient Synthesis of Highly Fluorescent Carbon
Dots by Microreactor Method and Their Application in Fe3 + Ion
Detection. Mater. Sci. Eng. C 2017, 81 (July), 213−223.
(16) Ortega-Liebana, M. C. C.; Chung, N. X. X.; Limpens, R.;
Gomez, L.; Hueso, J. L. L.; Santamaria, J.; Gregorkiewicz, T. Uniform
Luminescent Carbon Nanodots Prepared by Rapid Pyrolysis of
Organic Precursors Confined within Nanoporous Templating
Structures. Carbon N Y 2017, 117 (March), 437−446.
(17) Mikhraliieva, A.; Zaitsev, V.; Xing, Y.; Coelho-Juńior, H.;
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