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ABSTRACT: Nanoscale biocompatible photoluminescence (PL) thermometers
that can be used to accurately and reliably monitor intracellular temperatures have
many potential applications in biology and medicine. Ideally, such nano-
thermometers should be functional at physiological pH across a wide range of
ionic strengths, probe concentrations, and local environments. Here, we show that
water-soluble N,S-co-doped carbon dots (CDs) exhibit temperature-dependent
photoluminescence lifetimes and can serve as highly sensitive and reliable
intracellular nanothermometers. PL intensity measurements indicate that these
CDs have many advantages over alternative semiconductor- and CD-based
nanoscale temperature sensors. Importantly, their PL lifetimes remain constant
over wide ranges of pH values (5−12), CD concentrations (1.5 × 10−5 to 0.5 mg/
mL), and environmental ionic strengths (up to 0.7 mol·L−1 NaCl). Moreover, they are biocompatible and nontoxic, as
demonstrated by cell viability and flow cytometry analyses using NIH/3T3 and HeLa cell lines. N,S-CD thermal sensors
also exhibit good water dispersibility, superior photo- and thermostability, extraordinary environment and concentration
independence, high storage stability, and reusability−their PL decay curves at temperatures between 15 and 45 °C
remained unchanged over seven sequential experiments. In vitro PL lifetime-based temperature sensing performed with
human cervical cancer HeLa cells demonstrated the great potential of these nanosensors in biomedicine. Overall, N,S-
doped CDs exhibit excitation-independent emission with strongly temperature-dependent monoexponential decay, making
them suitable for both in vitro and in vivo luminescence lifetime thermometry.

KEYWORDS: carbon dots, colloidal nanomaterials, photoluminescence, nanothermometer, intracellular temperature,
luminescence lifetime thermal sensing, HeLa cancer cells

Temperature is a fundamental parameter that affects the
behavior of physical, chemical, and biological systems
in a wide variety of ways. Thermal sensing and imaging

are important in many fields, including integrated photonic
devices, nano/microelectronics, biology, and medical diagnos-
tics.1,2 Temperature also affects many cellular processes and
varies between cells because of biochemical reactions associated
with normal cellular metabolism or responses to external
stimuli.3 As such, data on cellular temperatures can provide
important insights into physiological processes. Cellular
thermal sensing is also important for understanding the effects
of external factors on living cells. For example, in hyperthermia
therapy, where cancer cells are killed by heating, it is essential
to precisely control the temperatures of both the cancer cells
and the surrounding healthy tissues in order to make the
treatment efficient and safe.4 Consequently, there is a need for
technologies that enable reliable and accurate monitoring of the
temperatures of biological systems.

Nanoparticle-based thermal probes have great potential in a
wide range of sensing applications, and many advanced so-
called “nanothermometers” have recently been reported.5−8

Among the various operating principles for such nano-
thermometers, noncontact luminescence thermometry, which
exploits the temperature-dependent emission of some
luminescent material as a sensing mechanism for temperature
determination, is particularly suitable for biological applications.
Luminescence thermometers based on a wide range of different
materials have been developed and used for temperature
sensing and imaging, including organic compounds,9 metal
nanoparticles,10,11 rare-earth-doped nanoparticles,12−16 poly-
mer-based fluorophores,17−19 semiconductor nanocrystals,20−23

and other inorganic and hybrid phosphores.24−26 However,
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these luminescent materials have several drawbacks including
low luminescence quantum yields (QY), selective photo-
excitation, high cytotoxicity, low biocompatibility, poor photo-
stability, and a general tendency for their luminescence
properties to vary with the local environment.8,27

Carbon dots (CDs) have attracted increasing interest in
many fields because of attractive functional properties such as
broad-band optical absorption, strong luminescence, superior
resistance to photobleaching, high chemical stability, low
toxicity, and good biocompatibility.28−36 They have promising
biological applications in fields such as cellular optical imaging,
photoacoustic imaging, photothermal therapy, photodynamic
therapy, drug delivery, and biosensing.37−43 Additionally, recent
reports on the temperature-dependent photoluminescence
(PL) intensity and dual emission of carbon dots and their
hybrids have shown that they can be employed as
luminescence-based thermometers.26,44,45 However, intensity-
based and ratiometric nanothermometry approaches using CDs
are sensitive to errors arising from changes in probe
concentration, excitation power, or a lack of temperature
specificity and require calibration within the target environment
to ensure accurate reporting.6,46 Such obstacles can be
overcome by using luminescence lifetime thermal sensing,
which is superior in many ways to intensity-based measure-
ments. The PL lifetime signal is intrinsically referenced and
yields corrected values for all temperatures within a certain
range as long as suitable calibration plots are available.
Importantly, luminescence lifetimes are independent of probe
concentration, inhomogeneity, and geometry, as well as the
intensity of the excitation light and photobleaching.47,48 In
principle, all that is required for effective temperature
measurement is that the CDs exhibit appreciable variation in
their PL lifetimes over the range of biologically relevant
temperatures (typically, 20−50 °C). However, despite its

potential usefulness, the temperature dependence of CDs’ PL
lifetimes has not been studied in detail.
Here, we report the application of CDs for in vitro

intracellular temperature sensing, using the PL lifetime of
CDs as the temperature-dependent variable. PL lifetime
measurements enable accurate temperature determination
because they are independent of fluctuations in diverse
experimental parameters including the concentration of the
CDs and the intensity of the excitation source. The results
presented in this work show that CD-based nanothermometers
perform extremely well in vitro in human cervical cancer
(HeLa) cells. Because CDs have many qualities that are
advantageous in biological compounds (good water dispersi-
bility, low cytotoxicity, high biocompatibility, superior photo-
and thermostability, extraordinary functional and concentration
independency) and not found in other nanothermometers, we
believe that these findings open up a wide range of promising
applications in biological, biochemical, and medical disciplines
where precise monitoring of intracellular temperatures is
needed. For example, CD-based nanothermometers could be
used to monitor thermal stress in plants or to monitor and
increase the effectiveness of temperature-assisted drug delivery/
release.

RESULTS AND DISCUSSION
Highly luminescent water-soluble N,S-CDs were synthesized by
one-step hydrothermal treatment of citric acid and L-cysteine
according to a previously published protocol49 with minor
modifications. In the pyrolysis process, citric acid acts as a
carbon source while the CDs’ nitrogen and sulfur dopants
originate from L-cysteine. The size and morphology of the N,S-
CDs were determined by transmission electron microscopy
(TEM) and atomic force microscopy (AFM). A typical TEM
image of CDs prepared in this way is shown in Figure 1a. High-

Figure 1. Characterization of N,S-CDs. (a) TEM and (b) HRTEM images; (c) size distribution histogram (columns) and distribution curve
(solid line). (d) Representative height-mode AFM topography image of CDs on mica substrate, (e) line scan profiles of four individual CDs.
(f) XPS spectrum (inset: high-resolution C 1s XPS spectrum). (g) Excitation−emission color map. (h) Room temperature optical absorption
(red curve), PL excitation (blue curve, λem = 421 nm), and PL emission (green curve, λexc = 355 nm) spectra.
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resolution TEM (HRTEM) images (Figure 1b) revealed that
the CDs have well-resolved lattice structures with a d spacing
value of 0.21 nm, which matches the in-plane lattice spacing of
graphene (100 facet).49 A size histogram of N,S-CDs calculated
by measuring more than 170 particles observed in the TEM
images indicates that their diameters range from 3.0 to 6.5 nm,
with an average value of 4.5 nm (Figure 1c). AFM images
(Figures 1d and S1) revealed that the as-prepared N,S-CDs are
highly dispersible in water and continue to exist as separate
particles when so dispersed. AFM line scans of four individual
CDs (Figure 1e) revealed that their heights range from 1.2 to
2.8 nm. The N,S-CDs’ elemental composition and chemical
bonding were studied by X-ray photoelectron spectroscopy
(XPS); full-scan XPS spectra revealed that they consist mainly
of carbon, nitrogen, sulfur, and oxygen (Figure 1f). High-
resolution XPS measurements of the dots’ C 1s electrons
(Figure 1f, inset) further confirmed the presence of C−C, C−
O, C−N, CO, and C−S bonds.
The optical properties of N,S-CDs were studied in aqueous

suspension. The excitation−emission map of the N,S-CDs is
presented in Figure 1g. They exhibit excitation-independent
emission (i.e., the position of the emission peak remains the
same over a wide range of excitation wavelengths), suggesting
that their PL processes are dominated by uniform emissive
states. The excitation wavelength range of the colloidal N,S-
CDs extends from 250 to 400 nm, with maximum excitation
occurring at 355 ± 1 nm (Figure 1h, blue line). The PL
spectrum of N,S-CD solutions under excitation at 355 nm
(Figure 1h, green line) is relatively narrow (PL full width at
half-maximum (fwhm) = 67 ± 1 nm) and centered at 421 ± 1
nm. Two absorption bands centered at 240 ± 1 and 344 ± 1

nm were observed in the UV−vis absorption spectrum of CDs
(Figure 1h), which originated from the π−π* transitions of the
aromatic sp2 domains and the trapping of excited-state energy
by surface states, respectively.49 The absolute PL quantum yield
of N,S-CDs is as high as 78 ± 2% under excitation at 355 nm,
which is among the highest values yet reported for any CDs.50

The N,S-CDs thus exhibit ultrabright emission at an excitation-
independent wavelength, making them potentially very useful
luminescent probes.

Temperature-Dependent Absorption and Steady-
State Photoluminescence. To characterize the temperature
dependence of the CDs’ PL properties, we acquired steady-
state absorption spectra at a wide range of temperatures. The
absorption spectra of N,S-CDs dispersed in water at temper-
atures between 10 and 70 °C (increasing by 5 °C per step) are
shown in Figure 2a. Unlike in semiconductor nanocrystals,51

neither the position nor the intensity of the absorption band
changed with the temperature. Similar results were previously
reported for CDs synthesized by hydrothermal treatment of
glucose in the presence of glutathione.52 Figure 2b shows a
color plot of the PL spectra of N,S-CDs acquired at
temperatures ranging from 2 to 80 °C with a step of 2 °C.
Increasing the temperature over this range reduced the PL
emission intensity by approximately a factor of 2 without
causing any detectable shift of the PL emissions. The position
of the PL emission maximum, the PL full width at half-
maximum (fwhm), and the integrated PL intensity were
quantitatively determined at each studied temperature, yielding
the results summarized in Figure 2c−e, respectively.
The PL peak position of N,S-CDs shows weak temperature

dependence, unlike most of semiconductor nanocrystals, whose

Figure 2. Steady-state temperature-dependent absorption and PL emission of N,S-CDs. (a) Temperature-dependent absorption taken in the
temperature range from 10 to 70 °C. (b) Normalized color plot of the temperature-dependent PL emission at temperatures between 2 and 80
°C with a step size of 2 °C and excitation at 355 nm. Corresponding temperature-dependent changes in the PL peak maximum λmax (c), PL
fwhm (d), and integrated PL intensity (e).

Figure 3. Time-resolved temperature-dependent PL emission of N,S-CDs. Normalized color plots showing time-resolved PL emission maps
for N,S-CDs at (a) 2 °C, (b) 50 °C, and (c) 80 °C. (d) Normalized color plot of time-resolved PL intensity at the PL emission maximum (λem
= 421 nm) at temperatures between 2 and 80 °C. (e) Extracted PL lifetimes plotted as a function of temperature in the range of 2−80 °C.
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band gap changes with temperature, inducing the PL emission
shift.53 Moreover, their PL fwhm exhibits only insignificant
broadening (1.4 ± 1 nm) over the same temperature range
(Figure 2d), indicating that the PL peak of the N,S-CDs shows
negligible thermal broadening. To characterize the nonradiative
relaxation processes occurring in the CDs, we analyzed the
quenching of the integrated PL intensity as a function of the
temperature. A plot of the temperature-dependent integrated
PL intensity for N,S-CDs is shown in Figure 2e, with the values
normalized to the intensity at 2 °C, revealing that the intensity
decreases monotonically over the studied temperature range,
with that at 80 °C being approximately half that at 2 °C. On the
basis of these results, the activation energy of thermal
quenching for the CDs at temperatures between 2 and 80 °C
was estimated to be 17.0 ± 0.7 meV using the Arrhenius
formula for N,S-CDs, which is close to the value reported by Yu
et al.54

Temperature-Dependent Transient Photolumines-
cence. We next investigated the N,S-CDs’ emission dynamics
at different temperatures. Figure 3a−c demonstrates the strong
temperature dependence of their time-resolved PL emission,
showing time-resolved emission spectroscopy data for three
different temperatures. Transient PL emission maps of N,S-
CDs were acquired in the spectral region between 375 and 650
nm at 2, 50, and 80 °C, as shown in Figure 3a−c. There is a
clear decline in PL decay as the temperature increases,
suggesting that the CDs have favorable properties for PL
lifetime-based temperature sensing. It is important to note that
spectrally uniform single-exponential decay was observed across
the dots’ emission profiles at all studied temperatures,

indicating that recombination occurs via very similar and
highly emissive channels across the entire CD ensemble.
The N,S-CDs’ PL dynamics are arguably their most

promising quality relating to temperature sensing applications.
Specifically, the temperature sensitivity of N,S-CDs makes them
PL lifetime nanothermometers. We have systematically
investigated the variation of the CDs’ PL lifetime at
temperatures between 2 and 80 °C; Figure 3d,e shows time-
resolved PL data collected at the dots’ PL emission maximum
as a function of the temperature. A color plot of transient PL
across the studied temperature range is presented in Figure 3d,
showing that increasing the temperature leads to a monotonic
shortening of the apparent PL decay. All of the recorded decay
curves were fitted using a single-exponential function (see the
Methods section for details), as shown for selected temper-
atures in Figure S2 in Supporting Information. The fit quality
was assessed using the weighted residuals as well as by
controlling the reduced χ2 value, as presented in Figure S3.
Data on the extracted lifetimes are presented in Figure 3e. As
the temperature increases from 2 to 80 °C, the PL lifetime
decreases monotonically from 11.0 to 5.3 ns; this temperature
dependence is well described by the following third-order
polynomial calibration curve:

τ τ τ= − + − =T R330.59 94.99 11.87 0.54 , 0.99852 3
adj
2

(1)

where T is the temperature (°C) and τ is the PL lifetime (ns) at
T (°C). The temperature range over which this PL lifetime
sensitivity has been demonstrated (2−80 °C) covers both the
physiologically relevant temperature range and the typical
operating temperatures of many electronic devices. The

Figure 4. Assessment of N,S-CDs’ photo-, thermo-, and ionic strength and pH stability. (a) Normalized color plot of PL decay monitored
every 15 min for 40 h at a steady temperature of 25 °C under continuous excitation with a pulsed laser. (b) Corresponding photostability of
the PL lifetime over 40 h. (c) Normalized color plot of PL decay reversibility over seven sequential cycles of heating and cooling. (d)
Corresponding thermal stability of PL lifetimes over seven cycles of heating and cooling between 15 and 40 °C. (e) Normalized color plot of
PL decay in NaCl solutions of concentrations between 0 and 4 M at a temperature of 35 °C. (f) Stability of the PL lifetime as a function of the
ionic strength for samples in aqueous NaCl solutions with concentrations of 0−4 M. (g) Normalized color plot of PL decay at pH values of 1−
13 at a temperature of 35 °C. (h) Corresponding pH stability of PL lifetimes at pH values between 1 and 13. All decay curves were recorded at
the CDs’ PL emission maximum (λem = 421 nm).
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absolute pseudolinear sensitivity of this PL lifetime CD-based
thermal probe is 0.08 ns·K−1, and its maximum relative
sensitivity is 1.79% K−1 at 62 °C. It should be noted that the
monoexponential PL decay kinetics of the luminescent
nanoprobe enable its use in PL lifetime thermal sensing.20

The single-exponential fit of the PL decay of CD-based
luminescent nanoprobe across the studied temperature range
yields a single parameter, the PL lifetime (τ), which can be
directly converted to temperature units using a calibration
curve. This is an important advantage over typical semi-
conductor quantum dots, which exhibit multiexponential decay
that limits their usefulness in applications involving PL lifetime
measurements.11 Temperature dependence of N,S-CDs’ PL
lifetime was also studied in phosphate-buffered saline (PBS)
and Dulbecco’s modified Eagle’s medium (DMEM) and
showed similar behavior (Figures S4−S7 in Supporting
Information).
To better understand the thermodynamics of the CDs’

emission processes, we also correlated the radiative (τr
−1) and

nonradiative (τnr
−1) recombination rates of an N,S-CD sample

with its PL quantum yield. The radiative rate is determined
from the PL QY and the measured recombination rate τ−1 as
τr
−1 = QY × τ−1. The nonradiative relaxation rate τnr

−1 is
expressed as τnr

−1 = τ−1 − τr
−1. The PL QY of N,S-CDs at various

temperatures was calculated from their temperature-dependent
absorption and integrated PL intensity together with the PL
QY determined at room temperature. Both radiative and
nonradiative recombination rates derived from time-resolved
PL measurement data are plotted as functions of temperature in
Figure S8 in Supporting Information. The radiative recombi-
nation rate is greater than the correspondent nonradiative rate
up to 70 °C and does not vary appreciably at temperatures
between 2 and 80 °C, remaining in the range of (0.74−0.82) ×
106 s−1. In contrast, there is a pronounced (almost 7-fold, from
0.16 × 106 to 1.12 × 106 s−1) monotonic increase in the rate of
nonradiative recombination by increasing the temperature from
2 to 80 °C. Temperature-dependent crossover of the radiative
and nonradiative rates occurs at 70 °C, at which temperature
the PL QY is 50%. These results suggest that the temperature
activation of PL quenching in N,S-CDs is primarily caused by
the activation of nonradiative relaxation channels.
Evaluation of N,S-CDs as Potential Biological Nanop-

robes for Thermal Sensing. Luminescent nanomaterials
must exhibit good chemical and physical stability to be useful in

many nanothermometry applications. Precise measurement of
intracellular temperatures by luminescence thermometry
requires a thermal probe with a suitable detection range; high
photo- and thermostability; high spatial and temperature
resolutions; functional insensitivity to changes in environmental
parameters such as the pH, ionic strength, and properties of the
surrounding macromolecules; a concentration- and geometry-
independent output; and high level usability.8 Bearing these
requirements in mind, we investigated several functional
parameters of N,S-CDs to assess their potential usefulness as
luminescent temperature probes in real biological applications.

Photo- and Thermal Stability Assessment. We first
investigated the photo- and thermal stability of the N,S-CDs by
exposing them to a pulsed laser, with an average power of 75
μW and a pulse width of 66.5 ps, for an extended period of
time. Figure 4a shows a set of PL decay data recorded every 15
min for 40 h for N,S-CDs under continuous photoexcitation.
The resulting variation in the PL lifetime over time is plotted in
Figure 4b, showing that the CDs exhibited excellent photo-
stability over 40 h. This result is very encouraging and
demonstrates that CD nanoprobes could potentially enable
long-term temperature monitoring. Moreover, PL QY and
lifetime measurements demonstrate that N,S-CDs show high
storage stability: samples stored in darkness for up to 2 years
exhibited no detectable changes in these parameters relative to
their original values. To demonstrate the reusability of CD-
based luminescence thermometers, the PL decay curves of
selected samples were measured over seven successive cycles of
heating and cooling at temperatures between 15 and 45 °C
(Figure 4c). In each measurement cycle, the PL decay was
measured after 5 min thermal equilibration. No thermal
hysteresis was observed during the heating and cooling cycles,
and the resulting PL lifetime variation is plotted as a function of
time in Figure 4d, demonstrating that the PL lifetime of the
N,S-CDs exhibits excellent thermal stability.

Ionic Strength and pH Stability Assessment. The effect
of ionic strength and pH on the PL lifetime of N,S-CDs was
also investigated. Figure 4e shows the PL decay profiles of N,S-
CDs in NaCl solutions of varying concentration. The PL
lifetime remains constant even in a 700 mM NaCl solution
whose ionic strength is much greater than the typical
physiological value of around ∼100 mM (Figure 4f). The
effect of pH on the PL decay and PL lifetime of N,S-CDs is
shown in Figure 4g,h, respectively, for pH values of 1 to 13.

Figure 5. Time-resolved PL intensity, concentration dependence of PL lifetime, and PL decays for N,S-CDs. (a) Normalized color plot of
time-resolved PL intensity monitored at the PL emission maximum (λem = 421 nm) for N,S-CDs dispersed in water at different concentrations
(7.3 × 10−7 to 37.5 mg/mL) at a temperature of 35 °C. (b) Corresponding concentration dependence of the PL lifetime for N,S-CDs. (c) PL
decays for N,S-CDs in water, PBS, DMEM, and in HeLa and NIH/3T3 cells at a temperature of 35 °C; the inset shows the corresponding
extracted PL lifetimes.
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The extracted PL lifetime remains constant at pH values
between 5 and 12. However, at lower pH values (pH <5), the
PL decay first increases (at pH 3−4) and then decreases sharply
(at pH 1−2). Importantly, there was no degradation of the
sample in strong acidic environment since the PL lifetime at
each pH remained unchanged during at least 4 months.
Ideally, the PL lifetime thermal output should be

independent of variation in the nanoprobe’s concentration,
the local environment, or the nature of the surrounding
biomacromolecules. We therefore studied the influence of CD
concentration, environmental parameters, and the presence of
living cells on the stability of N,S-CDs’ PL lifetimes. PL decay
curves were recorded at CD concentrations varying over 9
orders of magnitude in water (Figure 5a). The corresponding
PL lifetimes calculated using the previously derived single-
exponential fit are shown as a function of the N,S-CDs’
concentration in Figure 5b, showing that the PL lifetime
exhibits excellent stability at CD concentrations between 1.5 ×
10−5 and 0.5 mg/mL. Figure 5c compares the PL lifetime of
CDs dispersed in water to that of samples with the same
concentration in PBS, DMEM, and living HeLa and NIH/3T3
cells. In each case, the measured PL decay values are
represented by symbols, and the corresponding single-

exponential fits are represented by solid lines; the PL lifetime
values for CDs in different media extracted from the single-
exponential fits are shown in the figure’s inset. The PL lifetime
of the N,S-CDs only in the NIH/3T3 living cells differs slightly
(by ∼0.1−0.2 ns) from that in aqueous suspension. Addition-
ally, all of the measurements were repeated in a front-facing
configuration (with the signal being monitored at the same
point of the sample as was being subjected to excitation) at
various excitation beam sizes. None of these changes
discernibly altered the samples’ measured PL lifetimes. This
environmental independence is particularly important because
it obviates the need to calibrate the PL lifetime output for
specific environments, making the CDs’ thermal sensitivity
strongly independent of the medium in which the luminescent
nanoprobe is embedded.

Cell Uptake and Cytotoxicity of N,S-CDs. In vitro
cytotoxicity analysis evaluates the effect or influence of the
nanomaterial on cultured cells. Such assessment is crucial for
materials with potential biological applications because they
make it possible to estimate the material’s toxicity and the
underlying mechanism before the nanoparticles are tested in
living subjects.55 Nanoparticles must be shown to have a high

Figure 6. Cellular targeting and cytotoxicity study. Fluorescence images of (a−c) NIH/3T3 and (d−f) HeLa cells incubated with N,S-CDs:
(a,d) bright-field images, (b,e) fluorescence images, and (c,f) overlaid bright-field and fluorescence images. Cell viability assessment for (g)
NIH/3T3 and (h) HeLa cells after 24 h incubation with various concentrations of N,S-CDs (25−1000 μg/mL). Flow cytometric cell cycle
analysis results for (i) NIH/3T3 and (j) HeLa cells after treatment with N,S-CDs (G1/G0, cell growth phase and resting state; S, DNA
synthesis phase; G2/M, preparation for division phase and mitosis). Each error bar represents the mean standard deviation of three
independent experiments.
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degree of biocompatibility and safety before being used in vitro
or in vivo.
Cellular uptake experiments and in vitro fluorescence optical

microscopy imaging were performed to assess the in vitro
fluorescence imaging capabilities of CDs in both NIH/3T3 and
HeLa cells lines after 24 h incubation with 200 μg/mL of N,S-
CDs (Figure 6a−f). After washing the medium to remove
nonadsorbed or noninternalized nanoparticles, we acquired
bright-field, fluorescence, and merged images of the cells. In
both cell lines, the cells clearly retained their original
morphology and adherence. The CDs were efficiently taken
up by the cells and exhibited remarkable blue luminescence
exclusively from the cytoplasm (see high-resolution fluores-
cence images, Figure S9 in Supporting Information), revealing
that they are easily internalized by both NIH/3T3 and HeLa
cells and efficiently label both cell types. In addition, there was
no deterioration of their toxicity and morphology even after
prolonged excitation, long-term incubation (48 h), or after
thermal treatment (see details in Tables S1 and S2 and Figures
S10 and S11 in Supporting Information). Quantification of
uptake of CDs by NIH/3T3 and HeLa cells was performed also
by flow cytometry measurements (details in Figures S12 and
S13). In both cell lines, the fluorescence intensity of measured
cells similarly increases with increasing concentration of CDs
and is time-dependent.
Before further biological testing, the N,S-CDs’ cytotoxicity

was evaluated by performing viability tests using PI as a
fluorescent agent and by means of cell cycle analysis after 24 h
incubation of CD suspensions of various concentration with
NIH/3T3 and HeLa cells. We further performed metabolic
assessment of cytotoxicity using MTT and ROS measurement
(Figures S14−S16 in Supporting Information) and long-term
viability (Figures S17 and S18 in Supporting Information). The
viability of NIH/3T3 and HeLa cells was measured after 24 h
incubation with CDs at concentrations of 25−1000 μg/mL. PI
staining of dead cells revealed no significant change in the
proportion of living and dead cells (relative to controls) after
incubation with the nanomaterial for HeLa cells (Figure 6h).
However, a slight decrease in the proportion of living NIH/3T3
cells (from 96% in control cells to 87% of treated cells) was
observed in samples treated with CDs at concentrations above

600 μg/mL, together with an increase in the proportion of dead
cells (up to 9%) (Figure 6g). It is thus clear that N,S-CDs have
no or minimal impact on cell viability in both healthy and
cancer cell lines at the studied concentrations; as such, they can
safely be tested in vitro and in vivo. In all tested cases, the cell
viability as determined by PI exclusion was above 90%.
The cell cycle profile of the NIH/3T3 and HeLa cell lines

was investigated by flow cytometry to obtain comprehensive
data on the CDs’ cytotoxicity at different concentrations. For
HeLa cells, neither of the tested CD concentrations caused any
significant difference in the proportions of cells at different
stages in the cell cycle (Figure 6j). For NIH/3T3 cells,
treatment with a 500 μg/mL CD suspension caused a slight
increase in the relative abundance of G0/G1 phase cells
(74.4%) relative to controls (69.6%) (see Figure 6i). This
subtle prolonged delay in the G0/G1 phase could be due to
slower cell growth, causing the cells to remain in the G1 phase
for a longer period while they accumulate enough mass for
doubling and the commencement of the S phase. As
demonstrated by the viability analysis, there was a slight
decrease in the proportion of live cells for NIH/3T3 cells
cultivated with 600−1000 μg/mL of CDs; some fraction of
these cells, probably those arrested in G0/G1 phase, underwent
apoptosis.
From the MTT results (Figure S16), the percentage of viable

cells begins to decrease from the concentration of 500 μg/mL,
where on the other hand the production of ROS starts to
increase (Figure S15). ROS kinetic study (Figure S14) revealed
that in both cell lines there is a time- and dose-dependent
increase of ROS until 100 μg/mL of N,S-CDs, which could be
connected to the increase of the cells’ proliferation rate
(viability higher than 100%) from MTT results in these
concentrations. Then ROS values slightly decrease and reach
values similar to those of control cells.
We have also monitored long-term cytotoxicity using flow

cytometry live/dead assay with PI staining and the MTT kit
after 72 h incubation. Labeled cells stay as viable as control cells
until 250 μg/mL, and then rapid decrease of live cells at the
expense of apoptotic or dead cells was detected (Figure S17).
The MTT viability assay of HeLa cells also shows increased
proliferation of cells for the CD concentration of 25 μg/mL,

Figure 7. In vitro intracellular PL lifetime thermal sensing using N,S-CDs. (a) PL emission decays of HeLa cells incubated with N,S-CDs (500
μg/mL) at different temperatures (Tset). Experimental data are represented by symbols, whereas lines are single-exponential fits (see the
Methods section for details). The weighted residuals and reduced χ2 for each of the fit are presented in Figure S20. (b) Temperatures
determined using the calibration curve presented in eq 1 (Tmeas.) and set temperatures (Tset) plotted against the PL lifetime. (c−f)
Applicability of N,S-CDs for long-term remote intracellular temperature monitoring. (c) PL lifetimes extracted from PL transients recorded
every 15 min for 24 h of HeLa cells incubated with N,S-CDs (500 μg/mL). (d) Temperatures determined using the calibration curve
presented in eq 1. (e) Temperatures measured with a reference thermometer (Tref.). (f) Histogram showing the distribution of temperature
differences between the obtained and reference temperatures; the solid line is the distribution curve.
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but then the viability of cells starts to decrease with an IC50

value around 350−400 μg/mL (Figure S18).
In summary, N,S-CDs have no strong influence on the cell

cycle and cell viability up to the CD concentration of 500 μg/
mL and after 24 h incubation, confirming their low toxicity,
excellent biocompatibility, and in vitro and in vivo safety even at
relatively high concentrations.
Application of N,S-CDs for In Vitro Thermal Sensing.

In an exploratory experiment, we tested the capacity of N,S-
CDs for intracellular temperature monitoring in human cervical
cancer HeLa cells. Figure 7 shows the measured intracellular
temperatures of HeLa cells incubated with N,S-CDs (500 μg/
mL). The CDs’ PL decay curves at each temperature were
highly reproducible and could be fitted with a single-
exponential function at all recorded temperatures. In Figure
7a, the recorded PL decay curves for temperatures between 25
and 50 °C (with a step size of 5 °C) are indicated by symbols,
while the corresponding single-exponential fits are represented
by solid lines. We were able to confirm that the PL signal in
these PL lifetime measurements was derived exclusively from
the CDs for the CD concentration of ≥100 μg/mL (see Figure
S19 in Supporting Information for details). The intracellular
temperature in each measurement was determined from the
extracted PL lifetime using the calibration curve (eq 1). The
temperatures determined in this way (Tmeas.) are plotted as
functions of the PL lifetime in Figure 7b. Independently, the
temperature of the cell solution was determined using a
calibrated reference thermometer (shown in Figure 7b as Tset).
The temperatures reported by the luminescent CD probe and
the reference detector are in good agreement. These results
show that the PL lifetime of nanoprobes based on N,S-CDs can
be reliably used to measure intracellular temperatures.
A particularly exciting line of current research involves

combining fluorescence imaging with other methods of imaging
or sensing.56 In this context, it is notable that N,S-CDs could be
used as dual-mode probes because they facilitate both
intracellular temperature sensing and cell imaging. This
versatility represents another important advantage of these
multimodal nanoprobes when compared to other luminescent
nanomaterials.
To further evaluate the potential of luminescent CD

nanoprobes for long-term real-time temperature monitoring,
we recorded the PL decay profiles of HeLa cells incubated with
N,S-CDs (500 μg/mL) every 15 min for 24 h. The PL lifetimes
extracted from the measured PL decay values during this period
were then plotted as functions of time, as shown in Figure 7c.
Using these results, the temperature variation over time was
calculated using the calibration curve (eq 1), as shown in Figure
7d. In addition, the sample’s temperature at each measurement
point was determined using a reference thermometer with a
temperature reproducibility of 60 mK. The temperature
determined with the reference thermometer is plotted in
Figure 7e, which shows that there was excellent agreement
between the measured and reference temperatures. The high
accuracy of the PL-based temperature measurements is further
demonstrated by statistical analysis of the differences between
the measured and real (reference) temperatures (Figure 7f).
Using these data, the absolute average accuracy of temperature
detection by the presented method was calculated to be 0.27
°C. This experiment confirms the potential of CD-based
thermal probes in biological systems.

CONCLUSION

We have examined the carrier dynamics of sulfur and nitrogen
co-doped carbon dots as a function of temperature using
steady-state and time-resolved PL spectroscopy. The PL
lifetimes of the N,S-CDs exhibit monoexponential decay and
strong intrinsic temperature dependence, which was exploited
to achieve accurate and sensitive PL lifetime-based temperature
sensing. Our experiments demonstrated that the PL lifetime
response of N,S-CDs was stable during continuous photo-
excitation for at least 40 h, reversible over changes in
temperature between 15 and 45 °C for at least seven cycles,
and independent of CD concentration (1.5 × 10−5 to 0.5 mg/
mL), the pH value (5−12), and the ionic strength of the
solution (up to 0.7 mol/L NaCl). Moreover, photolumines-
cence lifetime thermal nanoprobes based on N,S-CDs remain
functional at physiological temperatures relevant for biological
investigations and at typical operating temperatures of
electronic devices and have a maximum sensitivity of 1.79%
K−1 with a statistical accuracy of 0.27 °C. More importantly,
this method enabled us to achieve the in vitro photo-
luminescence lifetime-based temperature sensing in human
cervical cancer (HeLa) cells. Because of the combined
advantages of a wide response range, strong temperature
response, monoexponential PL lifetime, robust stability and
repeatability, and high biocompatibility, these CDs are versatile
temperature nanoprobes with many potential applications
relating to temperature measurement in biological and
biochemical systems.

METHODS
Chemicals. Anhydrous citric acid (≥99.5%) and L-cysteine

(≥97%) were purchased from Sigma-Aldrich and used directly without
any further purification. All aqueous solutions were prepared with
Milli-Q water (Millipore).

Synthesis of Water-Soluble N,S-CDs. Water-soluble N,S-CDs
were synthesized using a literature procedure with minor modifica-
tions.49 First, 1.83 g (9.5 mmol) of anhydrous citric acid and 1.0 g (8.3
mmol) of L-cysteine were mixed and dissolved in 5 mL of water under
vigorous stirring, and the resulting mixture was heated at 70 °C for 12
h to form a thick syrup. The syrup was placed in a 25 mL Teflon-lined
stainless steel autoclave and annealed at 200 °C for 3 h with a heating
rate of 10 °C/min. After reaction, the obtained black product was
neutralized with 1.0 mol/L NaOH solution, dissolved in 20 mL of
water, and centrifuged at 6000 rpm to remove the precipitate. The
resulting supernatant was then purified by filtering out large carbon
nanoparticles using a syringe filter with pores of 0.22 μm and freeze-
dried in vacuum to recover the CDs as a powder.

Material Characterization. TEM images were acquired on a
JEOL 2010F microscope operating at 200 kV (LaB6 cathode,
resolution 0.19 nm) using ultrathin carbon-film-coated copper grids.
Particle size distribution analysis was carried out by counting 179
particles from different images. AFM images were obtained in the
amplitude modulated semicontact mode on an NT-MDT NTegra
system equipped with a VIT-P AFM probe with the amplitude set
point set to 71% of the free amplitude, a scanning speed of 0.5 Hz per
line for all pictures, and using fresh cleaved muscovite mica. XPS
measurements were carried out with the PHI VersaProbe II (Physical
Electronics) spectrometer using an Al Kα source (15 kV, 50 W).

Spectroscopy Measurements. UV−vis absorption spectra were
collected on a Cary 50 UV−vis spectrophotometer (Varian). PL
spectra were measured on FLS980 fluorescence spectrometer
(Edinburgh Instruments) equipped with a R928P photomultiplier
(Hamamatsu) in a thermoelectrically cooled housing, with a 450 W
xenon arc lamp as the excitation source for steady-state spectra and an
EPL-375 ps pulsed diode laser (λem = 372 nm with a pulse width of
66.5 ps, a repetition rate of 10 MHz, and an average power of 75 μW;
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Edinburgh Instruments) in conjunction with a time-correlated single-
photon counting system for time-resolved PL measurements. The
obtained PL decay curves were fitted using a single-exponential
function: I(t) = I0 × e−(t/τ), where the fit parameter τ is the PL decay
time. The instrument response function was acquired with a LUDOX
scatterer. The systematic error was approximately ±0.1 ns for all
lifetime measurements.
Solutions of specified ionic strengths (0−4.0 M) were prepared

using appropriate quantities of NaCl. The pH of each solution (pH
1.0−13.0) was adjusted using HCl or KOH as necessary and measured
with a calibrated pH meter.
PL Quantum Yield Measurements. The room temperature PL

QY was determined by an absolute method using the same
fluorescence spectrometer equipped with an integrating sphere
whose inner face was coated with BENFLEC (Edinburgh Instru-
ments). Liquid samples were placed in a UV quartz cuvette with a light
path of 10 mm (QS, Hellma). The same cuvette filled with the solvent
alone was used as a blank sample for reference measurements. Spectral
correction curves that account for the spectral sensitivity of the
monochromator, detector, sphere coating, and optics were provided by
Edinburgh Instruments. The accuracy of the integrating sphere
apparatus was tested against reference dyes with known QY: for 2-
aminopiridine (reference QY of 84%, Aldrich), the PL QY was
measured as 84%; for 4-(dicyanomethylene)-2-methyl-6-(4-dimethy-
laminostyryl)-4H-pyran in DMSO (reference QY of 57%, Aldrich), the
PL QY was measured as 57%; for rhodamine 101 (reference QY of
100%, exciton), the PL QY obtained was 99%.
Temperature-Dependent Measurements. Temperature-de-

pendent UV−vis absorption spectra were collected on a UV-3600
UV−visible−NIR spectrophotometer equipped with a TCC-240A
thermoelectrically temperature-controlled cell holder (Shimadzu) with
a temperature control precision of ±0.1 °C. Temperature-dependent
PL measurements were performed using a variable-temperature liquid
nitrogen optical cryostat OptistatDN2 controlled via a cryogenic
programmable temperature controller MercuryiTC (Oxford Instru-
ments) with a temperature stability of ±0.1 K (measured over 10
min). Steady-state and time-resolved PL spectra at different temper-
atures were measured with identical instrument settings (temperature
equilibration time of 5 min, excitation at 405 nm, identical excitation/
emission band-passes, and integration times).
Cell Culture. We used the NIH/3T3 cell line (mouse fibroblast

cells) and HeLa cells (human cervical cancer cells) purchased from
ATCC (USA) and cultivated in low glucose DMEM (Life
Technologies) at 37 °C under a 5% CO2 enriched atmosphere.
In Vitro Cell Viability and Cell Imaging. For all in vitro tests,

NIH/3T3 and HeLa cells (5 × 104 cells/well) were seeded in 24-well
plates and incubated overnight to allow the cells to attach to the
surface of the wells. The cells were then exposed to N,S-CD
suspensions of various concentrations for 24 h.
Cell uptake analysis and cell imaging were performed after 24 h

incubation using an IX70 optical microscope in fluorescence mode
(Olympus) equipped with a U-MNUA2 fluorescence mirror unit
(excitation filter 360−370 nm, emission filter 420−460 nm) by
tracking the efficiency of labeling, cell morphology, and fluorescence
properties of the labeled cells. Before imaging, the cells were gently
washed twice and resuspended in PBS solution (0.1 M, pH 7.4).
Cell viability and cell cycle analyses were performed using a BD

FACSVerse flow cytometer (BD Biosciences, USA). For cell viability
measurement, after 24 h of incubation, the supernatant was removed
and cells were gently washed with PBS solution (0.1 M, pH 7.4). Cells
were then detached with trypsin (0.25% in EDTA, Sigma-Aldrich),
transferred to FACS tubes (BD Biosciences, USA), and centrifuged
(1600 rpm for 5 min), and the pellet was rewashed with PBS. After
that, cells were resuspended in 300 μL of DMEM. Viability analysis of
the treated cells was performed using propidium iodide (Sigma-
Aldrich) as a live/dead fluorescent agent. This assay has been utilized
to quantitate apoptotic cell death. Since propidium iodide is not
permeant to live cells, it is commonly used to detect dead cells in a
population. Cells prepared in the medium were incubated with 5 μL of
propidium iodide solution (1 mg/mL) for 5 min. The PI fluorescence

(cell death) was then determined using flow cytometry at λex = 488 nm
and λem = 620 nm. The fluorescence background of the unlabeled cells
was calculated using cells without CDs and was used as a negative
control in each measurement. For cell cycle analysis, cells washed with
PBS were incubated with a DNA kit (BD Cycletest Plus DNA kit)
according to the BD protocol. Afterward, samples were transferred to
dedicated tubes for flow cytometry analysis and measured at
appropriate wavelengths. The whole experiment was performed
three times; the variation between runs is shown in the form of
error bars for the cell cycle analysis results and standard deviations for
the live/dead cells.

In Vitro Intracellular Thermal Sensing with N,S-CDs. HeLa
cells were plated into 24-well plates (1 × 105 cells/well) and cultivated
for 24 h. Then, medium containing 200 or 500 μg/mL of N,S-CDs
was added to each well. After 24 h of incubation, the supernatant was
removed and the cells were washed twice with PBS. The cells were
then detached with trypsin (0.25% in EDTA) and centrifuged (1600
rpm for 5 min). The pellet of sedimented cells from each well was
resuspended in 200 μL of fresh medium. PL decay measurements of
HeLa cells incubated with N,S-CDs at different temperature were
performed in a 115F-QS quartz microcuvette (Hellma) using the same
fluorescence spectrometer and temperature-controlling apparatus as
before. Measured temperatures were determined from the extracted
PL lifetimes and the previously established calibration curve (see main
text). The values obtained were compared to measurements acquired
using a reference thermometer with a temperature reproducibility of
60 mK.
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