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ABSTRACT: Among numerous optical sensing techniques, lifetime analysis of fluorescent agents
has several advantages, including high responsivity to local environmental changes and reduced
susceptibility to random light-scattering events during through-tissue imaging. Monitoring ion
concentrations in blood vessels is among the applications for which fluorescent approaches can be
particularly beneficial. However, without additional biochemical conjugation approaches,
fluorescent agents lack specificity; namely, they are either weakly sensitive to salt concentrations
or provide a strong nonspecific response. Here we demonstrate the efficacy of phenylenediamine
carbon dots exhibiting a strong fluorescence lifetime response to the common microelements in blood such as Fe2+, Fe3+, and Co2+

ions while remaining insusceptible to Na2+, Ca2+, Mn2+, Mg2+, Zn2+, and Ni2+ ions. The paper also discusses the physical mechanisms
underlying the observed selective sensitivity of the obtained CDs. Sensing performances of the carbon dots were also demonstrated
with model cells on pathways to in vivo applications.
KEYWORDS: carbon dots, quenching mechanism, metal ion detection, sensors, blood microelements

■ INTRODUCTION
Microelements dissolved in the bloodstream are essential in
various physiological functions. For instance, ferrous ions
(Fe2+) are found in hemoglobin and have a central role in
oxygen transport through the bloodstream. Furthermore, Fe2+
ions are crucial in hematopoiesis (the formation of blood
cellular components), transportation of molecules, and
nutrient distribution in the body.1 Lack of these ions in the
blood leads to deficiency anemia,2 whereas an increased level is
defined as hemochromatosis, which might lead to organ
dysfunction. Furthermore, elevated levels of these ions can lead
to a buildup of reactive oxygen species and radicals and
eventually to ischemic damage.3 Another essential element is
cobalt (Co2+), a component of the water-soluble complex
Cobalamin (Vitamin B-12),4 which is crucial for various
metabolic processes. For instance, it reduces the homocysteine
level, thus protecting the heart and blood vessels. Furthermore,
Cobalamin participates in the division and formation of blood
cells and is essential for normal nervous system functioning.
While a deficiency in Vitamin B-12 can lead to anemia, its
excess can cause asthma, rhinitis, and cardiomyopathy.5,6

Therefore, given their vital biological functions, selective
detection of environmentally significant metal ions, specifically
Fe2+ and Co2+, is critical for health monitoring and maintaining
normal bodily functions.
There are a variety of approaches for qualitative and

quantitative detection of metal ions, including atomic
absorption spectrophotometry,7 inductively coupled plasma
mass spectroscopy,8 Auger electron spectroscopy,9 chemilumi-
nescence,10 and several others. All of the mentioned methods

require sophisticated equipment and skilled personnel. Being
time-consuming, these approaches also cannot be considered
for in situ monitoring. As an alternative, spectroscopic
techniques are being explored, as they offer a faster response
and reasonable sensitivity, which makes them a suitable
technological compromise.11,12 Indeed, several optically
responsive nanomaterials such as quantum dots, plasmonic
nanoparticles, and fluorescent polymer dots were reported to
effectively detect biological molecules.13−16 Among various
fluorescent nanomaterials, carbon dots (CDs) have demon-
strated potential as sensing agents of metal ions due to their
low photobleaching and good water solubility.12,17−19 For
example, it was revealed that fluorescent CDs can be used for
the detection of Pd2+, Hg2+, Fe2+, and others.20−26 The
response of CDs to metal ions is generally monitored by
measuring their fluorescence intensity. Furthermore, there are
reports on fluorophore lifetime measurements for ion sensing.
For example, a biosensor was reported using turquoise
fluorescence lifetime for the detection of Ca2+ ions inside
living cells.27 A functionalized iridium(III) lifetime sensor was
demonstrated to detect phosphate ions (PO4

3−). However, to
elucidate the fluorescence mechanisms (e.g., static or dynamic
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quenching) in the presence of metal ions, both fluorescence
intensity and lifetime measurements should be performed.
Thus, we investigate the optical sensing capabilities of

synthesized m-phenylenediamine CDs by mixing them with
different metal ions to achieve specificity. The CDs synthesized
from phenylenediamine were selected due to their inherent
sensitivity and affinity to metal ions at picomolar levels, as
established in our preliminary investigations.28,29 We demon-
strate that the developed CDs possess pronounced sensitivities
to Fe2+, Fe3+, and Co2+. It is of interest to note that in terms of
optical response our CDs are less sensitive to metal ions,
including Na2+, Ca2+, Mn2+, Mg2+, Zn2+, and Ni2+ (Figure 1).
Furthermore, the underlying mechanisms of this selective
sensing are investigated. Additional tests are also performed in
blood serum, verifying the concept. These special properties of
CDs could be further utilized to develop a selective detection
mechanism for Fe2+, Fe3+, and Co2+, thus contributing to
advances in medical diagnostics and environmental monitor-
ing.

■ EXPERIMENTAL SECTION
Materials. m-Phenylenediamine, ethylene glycol, hydrochloric

acid, sodium chloride (NaCl), calcium chloride (CaCl2), manganese
chloride (MnCl2), magnesium chloride (MgCl2), zinc chloride
(ZnCl2), nickel(II) chloride (NiCl2), iron(II) chloride (FeCl2),
cobaltous chloride (CoCl2), and iron(III) chloride (FeCl3) were
purchased from Sigma-Aldrich (Merck Ltd.). Alpha Minimum
Essential Medium (Alpha-MEM) was purchased from Biolot, Russia.
Phosphate-buffered saline (PBS) and UltraGlutamine I were
purchased from Lonza, Switzerland. Fetal bovine serum (FBS) was
obtained from HyClone, USA. Trypsin−EDTA solution was
purchased from Capricorn Scientific, Germany. Rhodamine 800
(Rh800, ≥95%) was purchased from Sigma-Aldrich.
Synthesis of CDs. Luminescent carbon dots (CDs) were

synthesized using m-phenylenediamine (mPD) as the carbon
source.30,31 The complete experimental details can be found in our
previous work.32 Briefly, the synthesis involved a solvothermal
reaction conducted in an ethylene glycol environment acidified with
hydrochloric acid. To initiate the process, 95 mL of ethylene glycol
and 5 mL of concentrated HCl were heated to 453 K in a three-
necked flask. Subsequently, 1 g of mPD was introduced into the
reaction, and the solution was refluxed for 3 h.

Following the reflux, the resulting dark solution was cooled to
ambient temperature. The next phase involved blending the
carbonization extract with acetonitrile in a 1:5 ratio, followed by
centrifugation at 5000 rpm for 30 min. The supernatant was decanted
into a 100 mL beaker and then evaporated by heating to 353 K. The
residual dark colloid containing the CDs was dried on a glass slide and
subsequently rinsed into a 100 mL beaker with ethanol. Afterward, the
obtained CDs were dried overnight in a vacuum chamber. The final

purification steps were repeated to achieve the highest-purity CDs for
further study. The CDs from the initial solution were rendered usable
following 30 min of centrifugation.
Structure Characterization. Transmission electron microscopy

(TEM, Jeol JEM 1011, Japan) was used to characterize the
morphology of the CDs. A Vertex 70 spectrophotometer (Bruker)
was used for Fourier transform infrared spectroscopy (FT-IR). A
Canning 5600 AES/XPS multitechnique system (PHI, USA) was
used for X-ray photoelectron spectroscopy (XPS). For fluorescence
and absorbance measurements, a Horiba Jobin Yvon FL3-11
spectrofluorometer was used. A Photocor Complex (Photocor,
Russia) was used to investigate the CDs’ size distribution.
Detection of the Metal Ions. To detect metal ions, aqueous

solutions of NaCl, CaCl2, MnCl2, MgCl2, ZnCl2, NiCl2, FeCl2, FeCl3,
and CoCl2 with different concentrations (10−4−1 mM) were added
into a 2 mL CDs solution (0.01 mg/mL) in a cuvette. Fluorescence
emission spectra were observed for each sample, with varying
intensities recorded at 530 nm upon 450 nm excitation.

For lifetime decay measurements in aqueous solutions and in blood
serum, the time-correlated single photon counting (TCSPC) method
was introduced. For CDs excitation, we applied a 405 nm wavelength
diode laser (LDH-P-C-405 M head, Piqoquant). During the
measurements, CD solutions in water or blood serum were dropped
on a microscope slide and then covered with an additional coverslip
to prevent liquid evaporation. The experimental details are described
in the Supporting Information.
Cell Culture. B16-F10 cells were obtained from the American

Type Culture Collection and were cultured with AlphaMEM
supplemented with 10 vol % of fetal bovine serum at 37 °C.
Cell Cytotoxicity. The toxicity of CDs was estimated using the

alamarBlue assay. To do that first, B16-F10 cells were seeded in a 96-
well plate. The next day, various amounts of CDs were added to the
cells, and the cells were left overnight. Then, the cell medium was
removed and replaced with a cell culture medium supplemented with
10 vol % of alamarBlue. Then, the cells were incubated for 4 h. The
cell viability was estimated by measuring the absorbances at 570 and
600 nm with a UV−vis spectrophotometer (Thermo Scientific
Multiskan GO). The details are presented in the Supporting
Information.
Uptake Studies. To assess the cellular uptake of CDs, different

amounts of CDs (100, 50, 10, 5, 1, 0.5, and 0.1 μg/mL) were
incubated with B16-F10 melanoma cells. The uptake was investigated
by using confocal laser scanning microscopy (CSLM). For this, the
cell membranes were stained by using Rhodamine 800. The details are
described in the Supporting Information.
Hemolysis Assay. A hemolysis assay was performed to study the

hemolytic effect of CDs on human red blood cells (RBCs). For this,
CDs (150, 100, 50, and 25 μg/mL) were mixed with RBCs. The
hemoglobin content was quantitatively evaluated by using a
spectrophotometer at an absorption wavelength of 540 nm. The
details are presented in the Supporting Information.

Figure 1. Schematic illustration of the performed study, including the synthesis procedure of CDs and their optical responses to metal ions.
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■ RESULTS AND DISCUSSION
Synthesis and Characterization of CDs. As it was

mentioned above, CDs were obtained using a solvothermal
synthesis approach.32 Acetonitrile was used for an efficient
dissolution of impurities, alongside ensuring fluorescent CDs
remained in the solution. Upon evaporation of the solvent, we
obtained a purer and more concentrated form of the
fluorescent CDs. The chosen 1:5 ratio was empirically
established after extensive optimization of both the fluo-
rescence intensity and product purity. The obtained CDs’
geometry, morphology, and optical properties were further
investigated. Transmission electron microscopy (TEM)
analysis revealed well-dispersed uniform particles with an
average size of 15 ± 2 nm (Figure 2A). The absorption
spectrum shown in Figure 2B demonstrates two distinct peaks
located at 260 and 450 nm. The first peak, the higher and
narrower one, at 260 nm is attributed to the π−π* transitions,
typical for aromatic compounds, which are present in the

phenylenediamine used to synthesize the CDs.33,34 In addition,
the peak at 450 nm is related to n−π* transitions from
carboxyl groups; it might be also partially attributed to surface
defects, as these functional groups are often found on the
surface of CDs.33,34 Figure 2C shows the fluorescence
spectrum obtained under 450 nm excitation. The broad
emission peak at 530 nm further supports the proposed
absorption mechanism.35 Furthermore, the fluorescence peak
is inhomogeneously broadened due to the CDs’ size variations
and local environmental fluctuations in the solvent. The
photoluminescence excitation (PLE) spectrum (Figure 2D)
demonstrates the best excitation wavelength for the CDs to be
450 nm for emission fixed at 530 nm. It is worth noting that for
CDs emitting at this wavelength, absorbances at 260 and 450
nm become equal in magnitude, suggesting a higher quantum
yield (QY) for the 450 nm excitation. This could be attributed
to the higher electronic density of states at the 450 nm
transition, leading to a higher probability of radiative decay and

Figure 2. Characterization of mPD CDs. (A) Representative TEM image of CDs. (B) Absorbance spectrum. (C) Fluorescence spectrum for 450
nm excitation. (D) PLE spectrum acquired for CDs emitting at 530 nm. (E) FTIR spectrum with the corresponding functional groups in CDs. (F)
XPS spectrum. (G) Detailed XPS spectrum for the carbon (C 1s) component. (H) Detailed XPS spectrum for the nitrogen (N 1s) component. (I)
Detailed XPS spectrum for the oxygen (O 1s) component.
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higher rate, thereby enhancing the QY by providing more
fluorescent paths for the electrons.36

Figure 2E presents a Fourier transform infrared (FTIR)
absorption spectrum, highlighting the existence of several
functional chemical groups, which can be used to further
functionalize the CDs. The FTIR spectrum also contains a
variety of notable peaks. The peak at 808 cm−1 and the peak at
937 cm−1 correspond to the C−H vibration and C−O
stretching vibration, respectively, while the distinctive peak at
1570 cm−1 is related to C−C aromatic ring chain vibration.
The peak at 3700 cm−1 is associated with the stretching of the
−OH hydroxyl group, and the doublet peak close to 3100
cm−1 indicates the presence of the −NH and −NH2 groups.

23

Moreover, Figure S1 shows the spectrum of mPD compared
with the spectrum of the obtained CDs. Peaks around 3000−
3500 cm−1 indicate N−H stretching from the amino groups.
The 1500−1600 cm−1 range is attributed to C�C stretching
in the benzene ring. Peaks near 1300−1400 cm−1 suggest C−N
stretching vibrations. Peaks below 1000 cm−1 are associated
with various bending modes and specific vibrations of the
benzene ring or its substituents.

To further explore the chemical composition of the
synthesized CDs, we analyzed the X-ray photoelectron
spectroscopy (XPS) (Figure 2F). There are three primary
photoemission lines in the XPS spectrum, corresponding to C
1s (∼284.5 eV), N 1s (∼399 eV), and O 1s (∼532 eV). The

Figure 3. Fluorescence spectra (λexc = 450 nm) of mPD CDs for different concentrations of metal ions (10−4−1 mM) (A) Fe2+, (B) Fe3+, and (C)
Co2+. Insets: linear relationship between the fluorescence intensity (at 530 nm) and the concentration of tested metal ions (10−4−1 mM). (D)
Digital image of CDs dispersed in water, which demonstrates the quenching effect upon adding Fe2+, Fe3+, and Co2+ ions. (E) Quenching
percentage [(I0 − I)/I0] × 100% of fluorescence intensity upon adding different metal ions (0.1 mM). Stern−Volmer plots for (F) Na+, Ca2+, Mn2+,
Mg2+, Zn2+, and Ni2+ and (G) Fe2+, Fe3+, and Co2+ in the concentration range 10−4−1 mM.
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presence of carbon, oxygen, and nitrogen is a cornerstone of
CDs’ fundamental structure.37 The decomposed C 1s peak
shows multiple subpeaks, signifying diverse carbon bonding
configurations (Figure 2G). The peak located at about 284.6
eV indicates the presence of C−C sp3 or C�C sp2-hybridized
carbon bonds. These mixed graphitic (sp2) and aliphatic (sp3)
carbon structures reveal the composite structure of CDs,
blending both aromatic and aliphatic characters. Several
additional subpeaks appear around 285.6 and 286.1 eV,
corresponding to C−N, C−O, and C�N bonds. The
existence of these oxygen- and nitrogen-bound functional
groups on the CDs’ surface highlights the versatility of the
surface chemistry of these nanostructures. The peak at
approximately 288.5 eV indicates carboxylic acid (COOH)
groups, demonstrating CDs’ exceptional interfacial interaction
capacity. The O 1s peak decomposition reveals another set of
peaks (Figure 2H). The peak at ∼531.6 eV and the peak
around 532.8−533.2 eV correspond to C�O groups and C−
O bonds, respectively, which shows the contribution of the
oxygen-rich groups to CDs’ hydrophilicity and water stability.
The further study of the N 1s peak reveals subpeaks

associated with pyridinic N (398.7 eV), pyrrolic N (399.9 eV),
and graphitic N (400 eV) (Figure 2I). While pyridinic and
pyrrolic nitrogen functionalities are responsible for the CDs’
fluorescence, graphitic nitrogen, despite being a smaller
fraction, can contribute significantly to the CDs’ electronic
properties by participating in the π-conjugation system. All
peaks of the XPS spectrum shown in Figure 2F expose many
functional groups incorporated within the synthesized CDs.
The interplay of these groups is responsible for the notable
properties of our CDs, such as enhanced fluorescence and high
stability in water (Figure S2). To reveal the stability of CDs in
water, we measured their hydrodynamic radius using a
dynamic light scattering method for 2 days (Figure S3).
After the measurements were performed, CDs demonstrated
no significant changes in hydrodynamic diameters, which
indicates their colloidal stability.
Fluorescence Intensity Response of CDs Interacting

with Metal Ions. Following the discussion in the
Introduction, exploring the pathways toward selective sensing
of microelements is vital for health monitoring. We have
analyzed the fluorescent properties of mPD CDs interacting
with metal ions Na+, Ca2+, Mn2+, Mg2+, Zn2+, Ni2+, Fe2+, Fe3+,
and Co2+, in aqueous solutions first and then in blood serum.
The metal ions chosen for this study, including Na+, Ca2+,
Mn2+, Mg2+, Zn2+, Ni2+, Fe2+, Fe3+, and Co2+, are prevalent in
biological samples and play crucial roles in many physiological
processes. Monitoring their concentrations is vital as
imbalances can have significant health repercussions. Thus,
our study focused on these ions to ascertain the efficacy of our
CDs in detecting them in complex biological matrices. While a
variety of other quenching ions exist (e.g., Hg2+),38 they have a
lesser interest for biological studies. For this purpose, CDs
were immersed in aqueous solutions containing metal ions at
different concentrations (10−4−1 mM), and their fluorescence
intensity was further measured (λexc = 450 nm). This
concentration range was chosen to investigate the quenching
behavior in a broad range of concentrations, not only
physiological ones.29 The resulting fluorescence spectra are
presented in Figures 3A−C for Fe2+, Fe3+, and Co2+ and in
Figure S2 for Na+, Ca2+, Mn2+, Mg2+, Zn2+, and Ni2+. The
dependencies of the fluorescence peak intensities on metal ion
concentrations are shown in the insets of Figures 3A−C.

According to the data obtained, the fluorescence signal
intensity decreases monotonically with an increasing ion
concentration. Figure 3D provides visual evidence of the
measurements.

Figure 3E reveals that after adding the same concentration
(0.1 mM) of different metal ions, CDs are efficiently quenched,
thus serving as a sensor for detecting Fe2+, Fe3+, and Co2+.
These ions noticeably diminish the fluorescence intensity of
CDs, by 94.7%, 92.3%, and 81.8%, respectively. Compared to
them, other metal cations, including Na+, Ca2+, Mn2+, Mg2+,
Zn2+, and Ni2+, have a much lower impact on the CDs’
fluorescence, which was suppressed by approximately 40%, and
in the case of Ni2+, by approximately 50% (Figure 3E). Based
on these findings, the CDs seem promising for a fluorescence
sensor for Fe2+, Fe3+, and Co2+.

To reveal the underlying fluorescence quenching mecha-
nisms, the Stern−Volmer model was applied.39 Figure 3F
demonstrates Stern−Volmer plots derived from eq 1,
considering Na+, Ca2+, Mn2+, Mg2+, Zn2+, and Ni2+ as
quenchers.

= + [ ] = + [ ]
I
I

K k1 Q 1 Q0
SV q 0 (1)

where I0 and I are the fluorescence intensity of CDs in the
absence and presence of a quencher, respectively, [Q] is the
quencher concentration, KSV is the Stern−Volmer quenching
constant, kq is the bimolecular quenching rate constant, and τ0
is the fluorescence lifetime of CDs in the absence of a
quencher.

Therefore, Ksv and kq values calculated for Na+, Ca2+, Mn2+,
Mg2+, Zn2+, and Ni2+ are presented in Table 1. Moreover,

Table 1 summarizes the estimated limits of detections (LODs)
for all of the tested metal ions (LOD = 3Sd/k, where Sd is the
standard deviation for the blank solution and k is the
calibration curve slope).

Note that eq 1 is valid when the experimental results exhibit
a linear relationship between the fluorescence intensity and the
concentration of metal ions.39 The Stern−Volmer curves
change very little for the fluorescence of CDs in the presence
of Na2+, Ca2+, Mn2+, Mg2+, and Zn2+, except for Ni2+ (Figure
3F), where KSV and kq values are an order of magnitude higher,
according to the regression lines’ slopes (Table 1). This
indicates that in the case of Ni2+, quenching is most likely
caused by the collisions between CDs and Ni2+ ions.40

Among all of the metal ions tested above, only Ni2+ showed
some detectability, although it approaches the CDs’ limit of

Table 1. Stern−Volmer Quenching Constants (KSV),
Bimolecular Quenching Rate Constants (kq), and LODs for
CDs in the Presence of Na+, Ca2+, Mn2+, Mg2+, Zn2+, Ni2+,
Fe2+, Fe3+, and Co2+ Ions

metal ion KSV, 103 M−1 LOD, μM kq, 108 M−1 s−1

Na2+ 0.147 615.0 2.63
Ca2+ 0.309 238.2 5.54
Mn2+ 0.334 109.7 5.99
Mg2+ 0.280 455.6 5.02
Zn2+ 0.250 114.3 4.48
Ni2+ 1.791 27.7 32.10
Fe2+ 11.592 11.0 29.42
Fe3+ 1.642 0.7 207.75
Co2+ 4.961 5.3 88.90
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detection (LOD) of 27.7 μM (Table 1). It should be noted
that for Ni2+, kq is equal to 32.09 × 108 M−1 s−1, which is less
than the usual value of the dynamic quenching constant not
exceeding 1.00 × 1010 M−1 s−1.39,41 This may indicate dynamic
quenching rather than static one.42,43

Furthermore, the observed Stern−Volmer plots for CDs
upon adding Fe2+, Fe3+, and Co2+ displayed nonlinear
behavior, characterized by an upward curvature (Figure 3G),
which presumably indicates static quenching along with
dynamic one.40 The linear part of the calibration curve in
Figure 3G was used to calculate the limit of detection for Fe2+,
Fe3+, and Co2+ ions using the above-mentioned formula for the
LOD. The obtained LOD values were then listed in the revised
Table 1. To describe the nonlinear behavior of the Stern−
Volmer plots, a modified Stern−Volmer equation (eq 2) is

used, a second-order equation with respect to [Q].44 It
explains the upward curvature in the plot observed when the
fluorophore is simultaneously quenched by both static and
dynamic mechanisms:

= + [ ] + [ ]
I
I

K K(1 Q )(1 Q )0
st dyn (2)

The proportion of dynamic quenching in the observed
decrease in fluorescence can be determined from the change
in decay times, i.e., according to the dependence τ0/τ = 1 +
Kdyn[Q], which will be considered below.
Lifetime Response of CDs Interacting with Metal

Ions. To additionally evaluate quenching mechanisms and
determine if there are dynamic processes, we performed
lifetime measurements. In fact, the fluorescence lifetime is an

Figure 4. Lifetime spectra of CDs with ions (A) Fe2+, (B) Fe3+, and (C) Co2+ added at concentrations of 10−4−1 mM. CDs’ lifetime component τ1
vs concentrations of added (D) Fe2+, (E) Fe3+, and (F) Co2+ ions dispersed in water. Stern−Volmer plots for (G) Na+, Ca2+, Mn2+, Mg2+, Zn2+, and
Ni2+ and (H) Fe2+, Fe3+, and Co2+ ions in the concentration range 10−4−1 mM.
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intrinsic material parameter, independent of calibration and
excitation source intensity fluctuations. In addition, due to the
method’s stability, low-intensity signals can be collected for a
longer time. We measured the fluorescence lifetimes using the
time-correlated single-photon counting technique (TCSPC).
This method uses a series of excitation pulses with subsequent
photon detection to obtain statistical properties of the decay.45

A picosecond 405 nm diode laser (repetition rate 80 MHz)
pumped the samples, and a single-photon avalanche diode
(SPAD) detector was used for photon detection. The
excitation wavelength is defined by the existing experimental
setup and is sufficient yet not optimal for CDs’ excitation. All
of the measurements were performed for CDs dispersed in an
aqueous solution with and without metal ions. CDs were drop-
cast on a microscope slide and then covered with an additional
coverslip to prevent liquid evaporation. The photon counting
consisted of 64000 detections to improve the accuracy.
Lifetime measurements were performed in a limited volume,
which is approximately equal to the laser beam size. For each
point, several lifetime measurements were performed within
one sample with a relative error of 4%, which proves that the
CDs and metal ions were located in close proximity to each
other. Data were fitted biexponentially, relying on two
characteristic times, namely, a slower component τ1 and the
faster one τ2, which allowed a quite accurate fit. Because there
are two types of CDs in the solution, i.e., the ones interacting
with ions and those that are not, the two-time approximation is
rather justified.46 The fluorescence lifetimes of CDs responded
weakly to Na+, Ca2+, Mn2+, Mg2+, Zn2+, and Ni2+ but were
significantly affected by Fe2+, Fe3+, and Co2+, and τ1 reduced

with increasing concentrations of the latter ions. For CDs with
Fe2+, Fe3+, and Co2+ ions added at concentrations of 10−4−1
mM, lifetime spectra without biexponential fitting are shown in
Figures 4A−C, and fitted lifetime spectra are demonstrated in
Figure S4. The dependence of CDs’ lifetime component τ1 on
Fe2+, Fe3+, and Co2+ ions concentrations is shown in Figures
4D−F. It is worth noting that τ1 was found to be more
responsive to the solution content and comparatively longer
than τ2.

To distinguish between dynamic and static quenching, we
also studied the dependence of the excited-molecule lifetime
on the quenchers’ concentrations. A decrease in the lifetime of
the excited molecules with increasing quencher concentration
indicates a dynamic quenching mechanism, while a lifetime
independent of the quencher concentration indicates predom-
inant static quenching. Quantitatively, the static and dynamic
mechanisms can be determined by comparing the dependence
of the relative lifetime value of the excited molecules τ/τ0 on
the concentration of the Na+, Ca2+, Mn2+, Mg2+, Zn2+, Ni2+ and
Fe2+, Fe3+, and Co2+ (Figures 4G,H). In the case of Na+, Ca2+,
Mn2+, Mg2+, and Zn2+, the lifetime remains almost unchanged,
similar to fluorescence measurements (Figure 4G). However,
the presence of Ni2+ decreases both the fluorescence lifetime of
CDs and their fluorescence intensity, which indicates dynamic
quenching.40 For Fe2+, Fe3+, and Co2+, Stern−Volmer plots
showed nonlinear dependencies of fluorescence and linear
dependencies of relative lifetime on ion concentrations (Figure
4H). From these plots, Kdyn = τ/τ0 − 1 can be calculated to
estimate the dynamic quenching contribution: Kdyn for Fe2+,
Fe3+, and Co2+ are 0.99, 5.69, and 4.04 M−1, respectively.

Figure 5. Absorption spectra of CDs (gray dotted lines) in the presence of FeCl2 (pink), FeCl3 (blue), CoCl2 (green), and MgCl2 (red).
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Hence, in the case of CDs with Fe3+ and Co2+, dynamic
quenching is predominant due to increased slope (Figure 4H),
and for CDs with Fe2+, static quenching dominates.40

Absorption Spectra of CDs Interacting with Metal
Ions. Afterward, we analyzed the CDs’ absorption spectra in
aqueous solutions, where there is an absorption peak at 450
nm (Figure 2B), which was attributed to CDs derived from
phenylenediamines. This finding is consistent with published
works,32,47,48 in which the band gap of such carbon dots is
reported to be between 2 and 3 eV. Based on our absorption
spectra, we deduced a direct allowed transition with a band gap
of 2.58 eV.
According to the measured absorption spectra, there was

observed a slight red-shift for CDs in the presence of Fe2+,
Fe3+, and Co2+ (Figure 5), which significantly affected the
CDs’ lifetime. For Mg2+, this shift was absent, suggesting a
minimal impact on the CDs’ fluorescence lifetime. This
phenomenon may be attributed to the chelating effect between

the surface functional groups of carbon dots and metal ions.
Based on IR spectroscopy, chelate complexes can be
presumably formed with −NH/NH2, −CO, and −OH groups,
where nitrogen and oxygen atoms can donate lone pairs to the
unoccupied orbitals of metal ions.49 Furthermore, a detailed
investigation of the absorption spectra suggests that for the
Co2+ ion, an additional quenching mechanism should be
considered, namely, the inner filter effect (IFE), stemming
from a partial overlap between the Co2+ absorption spectrum
and the CD’s emission spectrum at 530 nm.49,50

The absorption spectra were analyzed in various solvents,
including protic solvents such as water and EtOH (ethanol)
and the aprotic solvent DMSO (dimethyl sulfoxide) (Figure
S5). Across this solvent series, the band gap slightly decreased,
which might indicate the formation of hydrogen bonds
between the solvent molecules and functional groups on the
CDs’ surface. In subsequent studies, we plan to investigate the
lifetime and emission spectra of the obtained CDs in a wide

Figure 6. Upper row: schematic illustration of blood serum separation. Lifetime spectra of CDs added to (A) Fe2+, (B) Fe3+, and (C) Co2+ ions
with the concentrations 10−4−1 mM in blood serum. Dependence of the lifetime component τ1 of CDs on concentrations of added (D) Fe2+, (E)
Fe3+, and (F) Co2+ ions dispersed in blood serum.
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range of solvents. This may pave the way for enhancing the
selectivity of metal ion detection and also find potential
applications of CDs in optoelectronic devices and displays.
Fluorescence Lifetime Measurements of CDs Dis-

persed in Blood Serum. It is given that the CDs’
fluorescence is affected by Fe2+, Fe3+, and Co2+ ions in
aqueous solutions; thus, we measured their fluorescence
lifetimes in blood serum to reveal whether a biological
environment also affects them. We opted for blood serum
over pure blood in our investigations, given its clinical
relevance, consistency, and reduced complexity, ensuring
precise and reproducible fluorescence measurements.51,52

Similar to the previous measurements, τ1 was plotted versus
metal ion concentrations dispersed in blood serum (Figure 6).
We have found that Fe3+ and Co2+ ions in blood serum
influence the CDs’ fluorescence lifetime similarly to those in
water, but Fe2+ ions do not. The CDs’ lifetime changes due to
the presence of Fe2+ were less pronounced in blood serum
compared to that in water solution. It has been also supposed
that Fe2+ can be coordinated by aqua ligands in a water
solution, but in blood serum, proteins can prevent the
interaction between ions and CDs, which leads to the reduced
effect of ions on CDs’ lifetimes in blood. In addition, this could
be attributed to the absence of specific binding sites for Fe2+
ions on the CDs surface and the difference in the electronic
structure of Fe2+ and Fe3+ ions, which leads to different
interactions with fluorescent CDs. Fe2+ ions can readily bind to
oxygen and form stable complexes, preventing any interaction
with CDs.53 On the other hand, Fe3+ ions can easily undergo
redox reactions and interact with carbon dots, leading to
changes in fluorescence lifetime.53

This is partially true for Fe3+ and Co2+, but the lifetime
values still clearly reflect the concentration of added salts
(FeCl3 and CoCl2). While blood serum was our primary

medium for this study due to its physiological relevance, CDs
can be additionally used for sensing in matrix layouts, e.g., for
testing wastewater or environmental samples, where simulta-
neous detection of multiple ions could be of value.
Biocompatibility Evaluation of CDs. Biocompatibility of

CDs was further evaluated using two different independent
studies (hemolysis and viability assays). Concentrations here
were chosen to comply with previous reports in the field.54,55

The hemolysis analysis was performed to reveal the CDs’
influence on the integrity of human erythrocytes. For this, CDs
at different concentrations were added to isolated erythrocytes
and incubated for 2 h, while lysis buffer and PBS were used as
positive and negative controls, respectively. According to the
data obtained, hemolysis of red blood cells increases in a dose-
dependent manner with increasing CDs’ concentration (Figure
7A,B). Cellular uptake of CDs was further visualized by using
confocal laser scanning microscopy (CLSM). For this, the cell
membranes were fluorescently stained with Rhodamine 800,
and the colocalization of CDs was evaluated with z-stack
CLSM images (Figure 7C). According to the images obtained,
the green fluorescent signal coming from CDs was found
mostly in the cell nuclei,56 whereas red fluorescence signal
originated from the stained cell membranes.

Afterward, we performed cell viability studies using a
fluorescence-based resazurin test (alamarBlue assay) on
model B16-F10 melanoma cells. These cells were chosen as
model cells to gain additional information about the
biocompatibility of CDs. The decrease of the B16-F10 cell
viability was evaluated after exposure to different amounts of
CDs. After 24 h, dose-dependent viability of B16-F10 cells was
observed (Figure 7D). The maximal nontoxic concentration of
CDs added to cells was 5 μg/mL. The further increase of the
CDs’ amount led to decreased cell viability (70%).

Figure 7. Cell studies. (A) Hemolysis assay depending on different concentrations of CDs. (B) Relative rate of hemolysis in human RBCs upon
incubation with a suspension of MPs at different concentrations. (C) Uptake of CDs by B16-F10 cells. Cell membrane was stained using
Rhodamine 800. Scale bar accounts for 25 μm. (D) Cell viability of B16-F10 cells depending on various amounts of CDs.
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■ CONCLUSION
To summarize, we have investigated quenching mechanisms of
fluorescent m-phenylenediamine carbon dots (CDs) upon
adding metal ions Na+, Ca2+, Mn2+, Mg2+, Zn2+, Ni2+, Fe2+,
Fe3+, and Co2+. The obtained data revealed that the CDs
exhibited an increased sensitivity to Fe2+, Fe3+, and Co2+ ions
in terms of fluorescence intensity and fluorescence lifetime as
well as almost no sensitivity to Na+, Ca2+, Mn2+, Mg2+, Zn2+,
and Ni2+ ions dispersed in water. Moreover, the detection of
Fe3+ and Co2+ in blood serum was also achievable. The
calculated quenching constants reveal that the detection of
Fe2+, Fe3+, and Co2+ ions is most likely provided by a
combined fluorescence quenching process. This process was
combined, first, due to the complexation of CDs with Fe2+,
Fe3+, and Co2+ ions and, second, because of deactivation of the
excited-state fluorophore upon contact with quencher in
solution (in other words, presumable collisional quenching),
which is also confirmed by fluorescence lifetime measurements.
Moreover, the analysis of the absorption spectra indicated a
minor decrease in the band gap difference, suggesting possible
hydrogen bonding between the solvent molecules and the
functional groups on the carbon dots’ surface. Therefore, CDs
are promising for the efficient sensor platform for metal ions
and a valuable tool for selective metal ion detection even in a
biological environment.
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