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ABSTRACT: The superoxide anion (O2
•−) is a reactive oxygen species (ROS) that

functions as an important regulator of signal transduction in living systems. However,
excess O2

•− can cause metabolic imbalances and oxidative damage inside cells.
Quantitative detection and efficient scavenging of O2

•− are therefore critical for
maintaining intracellular redox balance and homeostasis. In this work, a nanomaterial
(Au-TeCD) composed of BSA-modified gold nanoparticles (AuNPs) complexed with
tellurium-containing carbon dots (TeCDs) was constructed. The introduction of Au-
TeCDs to solutions containing superoxide resulted in enhanced elimination of the anion,
indicating that Au-TeCDs are able to scavenge O2

•− from the surrounding environment.
Notably, the respective TeCD and AuNP components of the Au-TeCDs were found to
emit fluorescence at 425 and 640 nm upon exposure to superoxide anions. This unique
spectroscopic property of Au-TeCDs allowed levels of O2

•− in solution to be quantified
using dual-fluorescence detection. The Au-TeCDs developed herein also exhibited low-
cytotoxicity, versatile capabilities for in situ fluorescence imaging, and effective scavenging of O2

•− in living cells. Taken together,
these results suggest that Au-TeCDs act as effective tools for monitoring superoxide concentrations in complex mixtures and may be
developed as possible therapeutics designed to scavenge excess ROS from diseased cells.

I t is known that oxidative reactive oxygen species (ROS) are
held in dynamic equilibrium with reducing compounds in

living systems.1 When present in appropriate amounts, ROS
have beneficial antimicrobial and anti-inflammatory properties.
However, excess or long-lived ROS in vivo can react with other
biomolecules, leading to the unwanted oxidation of lipids,
proteins, nucleic acids, carbohydrates, and small molecule
metabolites. Consequently, ROS that are not eliminated can
place immense stress on the biological environments in which
they are contained.2−4

The superoxide anion (O2
•−) is a single-electron product

that forms during normal aerobic metabolism following the
one-electron reduction of molecular oxygen (O2). Owing to
the ubiquitous nature of its metabolic precursors, O2

•− appears
relatively early among the many other ROS found in biological
systems. Numerous studies have shown that the unpaired
electrons of O2

•− are highly reactive and that superoxide
anions are involved in the oxidation of other metabolites.5−7

Indeed, O2
•− plays a critical role in pathophysiology by acting

as a progenitor for the formation of additional ROS, including
peroxynitrite (ONOO−), hypochlorous acid (HClO), hydroxyl
radicals, lipid peroxides, lipid peroxyl radicals, and lipid alkoxyl
radicals.8 If left untreated, excess O2

•− in cells can cause broad-
spectrum oxidative damage to biological macromolecules and
can ultimately lead to the onset of cancer, diabetes, or other
degenerative diseases.9−11 Nevertheless, the production of
ROS is considered essential to defend against toxic insults and
for maintaining an intercellular redox environment that is

dynamically balanced.12−14 In addition to these functions,
O2

•− has been identified as a secondary messenger that
participates in cell-signaling networks and determines certain
aspects of cell fate.15,16 Considering the enormous clinical
significance of the superoxide anion, and its variable impact on
biological systems, it would be highly advantageous to develop
a bioanalytical tool that would allow researchers to evaluate
and balance redox homeostasis in living systems through the in
situ monitoring and elimination of O2

•−.
Over the past decade, several groups have developed small

molecule probes that can detect O2
•− with high specificity and

sensitivity.17−24 However, many of these molecules were
designed only to quantify O2

•− concentrations in solution
and are unable to scavenge ROS. On the other hand, Nature
has evolved enzymes such as superoxide dismutase (SOD) that
can eliminate O2

•− from biological environments. The
isolation of such enzymes is often expensive or labor-intensive,
and artificial enzymes with O2

•− scavenging ability have been
developed as low-cost alternatives to natural biomolecules.25

Despite such progress, the design and synthesis of a single-
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molecule nanoparticle that can simultaneously monitor and
scavenge O2

•− from complex solutions remains a significant
and unfulfilled challenge.
Recent advancements in nanotechnology have had positive

impacts on the bioanalytical and biomedical fields.26,27 For
example, nanoparticles can now be used to enhance the
physicochemical properties of molecular scaffolds via surface
modification and functionalization. Among them, gold nano-
particles (AuNPs) and carbon dots (CDs) have gained
considerable attention due to their tunable optical properties,
superior biocompatibility, and amenability to surface mod-
ification.28,29 Indeed, several reports have shown that AuNPs
can be utilized for optical detection, nanoenzyme catalysis, and
medical treatment (reviewed in ref 23).30 CDs have also
exhibited potential for optical and electrochemical sensing. In a
recent study by our group, tellurium-containing CDs (TeCDs)
were discovered to specifically recognize O2

•− with reversible
dynamics and highly sensitive, single-wavelength fluorescent
responses.31 We also showed that TeCDs could successfully be
used as imaging tools for tracking O2

•− levels in cell models of
intense exercise, irritability, and mild depression.31 Recogniz-
ing that AuNPs could act to enhance antioxidant activity in
bioassays while eliminating several ROS species32 and that
TeCDs are fluorescently responsive to O2

•−,31 we speculated
that combining the advantageous features of AuNPs and
TeCDs would produce a nanoparticle that could simulta-
neously scavenge and monitor superoxide anions in situ.
In this report, we describe the design, synthesis, and

characterization of a new class of nanoparticle (Au-TeCDs)
composed of BSA-modified AuNPs complexed with TeCDs.
Herein, we demonstrate that Au-TeCDs emit fluorescence at
425 and 640 nm and that the fluorescence intensity at these
wavelengths is significantly influenced by reaction with O2

•−.
This unique spectroscopic property enabled us to quantita-
tively determine O2

•− levels by monitoring the dual-
fluorescence response of Au-TeCDs. Importantly, this allows
Au-TeCDs to be used as highly selective, ratio-type fluorescent
probes in which the measured fluorescence signal is not
affected by the intensity of the light source or the sensitivity of
the instrument.33 Specifically, the TeCD component of the Au-
TeCDs was used as a reaction site to scavenge and oxidize
O2

•−, while the AuNP module served to enhance the
scavenging activity by adsorbing enzymes such as SOD onto
the Au-TeCD surface.33 Our results suggest that Au-TeCD
nanoparticles exhibit the capability to simultaneously monitor
and scavenge O2

•− from complex environments, including live
cells.

■ EXPERIMENTAL SECTION
Synthesis of Te Carbon Dots (TeCDs). TeCDs were

prepared using hydrothermal treatment of the Te-containing
molecular probe 2,7-bis(phenyltellurol)-9H-fluoren-9-one
(FO-PTe) as previously described.31,34 Briefly, FO-PTe was
dissolved in ethanol in a stainless-steel reactor (HT Lab,
Shanghai, China) and heated to 160 °C for 12 h. After cooling
to room temperature, the ethanol was removed under reduced
pressure and the resultant powder was dialyzed (MWCO =
1000 Da) into ultrapure water for 36 h to a final concentration
of 0.1 mg/mL.
Synthesis of Au-TeCDs. All glassware used in the

synthesis of Au-TeCDs was soaked in Aqua Regia
(HCl:HNO3, 3:1) for 24 h and rinsed with ultrapure water
and ethanol before use. Initially, 5 mL of a 10 mM aqueous

HAuCl4 solution was added to 5 mL of 50 mg/mL BSA in
water at 37 °C to generate the BSA-modified gold nano-
particles (AuNPs). 0.5 mL of aqueous 1 M NaOH was then
added, and the reaction was allowed to stir vigorously for an
additional 12 h at 37 °C.35 This solution was then dialyzed
(MWCO = 3500 Da) into ultrapure water for 36 h. Following
dialysis, TeCDs (0.1 mg/mL in water) were mixed with
AuNPs (0.056 mg/mL in water) in an ultrasonic reactor
(Toption instrument Co. Ltd.) for 30 min (30 kHz). Following
ultrasonic treatment, the solution was condensed under
reduced pressure and the solution of 1 mg/mL Au-TeCDs
was stored at 4 °C in the dark.

Determination of ζ-Potential. For ζ-potential measure-
ments, AuNP, TeCD, and Au-TeCD solutions were diluted
with ultrapure water until the solution became clear by visual
inspection. The aqueous sample was then sonicated for 30 min
(30 kHz) to ensure sufficient dispersion. Following sonication,
2 mL of the sample was placed into a 10 mm path length
quartz cuvette (Hellma Analytics NY, US) for ζ-potential
determination. The ζ-potential was measured on a Zetasizer
Nano-ZS90 instrument (Malvern Panalytical). Sample readings
were recorded at 25 °C using He-Ne laser illumination at 633
nm in single-photon counting mode with an avalanche
photodiode (APD) for signal detection.

Dynamic Light Scattering (DLS). For DLS experiments,
the Au-TeCDs solutions were prepared as described for ζ-
potential measurements (vide supra). Following sonication, 2
mL of the AuNP, TeCD, and Au-TeCD samples were placed
into a 10 mm path length quartz cuvette (Hellma Analytics
NY, US) for DLS measurements. DLS experiments were
performed on a Zetasizer Nano-ZS90 instrument (Malvern
Panalytical). Sample readings were recorded at 25 °C using
He-Ne laser illumination at 632.8 nm with a scattering detector
at 173°.

Fluorescence Emission Measurements. For fluores-
cence emission measurements, suspensions of AuNPs, TeCDs,
or Au-TeCDs were prepared by dissolving 2 mL of stock
nanoparticle solution in PBS and transferring the mixtures to
10 mm path length quartz cuvettes (Mettler Toledo, Ohio,
US). Fluorescence excitation and emission spectra were then
recorded using a fluorescence spectrometer (FLS-980,
Edinburgh, UK) across a collection range of 450−750 nm
for AuNPs, 325−550 nm for TeCDs, or 350−700 nm for Au-
TeCDs. Blank spectra were obtained by adding PBS into the
quartz cuvette. All spectra were recorded at 37 °C. To evaluate
the effect of AuNPs on the fluorescence emission of 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) samples, 20
μL of a freshly prepared AuNP stock solution was suspended
in PBS containing 10 μM DCF. The test solution was then
transferred to a 10 mm path length quartz cuvette (Mettler
Toledo, Ohio, US). The mixture was then monitored for 15
min, and fluorescence emission spectra were recorded every 5
min using a fluorescence spectrometer (FLS-980, Edinburgh,
UK) across a collection range of 500−600 nm.

Fluorescent Response of Au-TeCDs to O2
•−. Solutions

of O2
•− were prepared by diluting a stock solution of KO2 (1

mM in DMSO) to final concentrations ranging from 0.02 to
0.8 μM in PBS. Au-TeCDs (1 mg/mL in PBS) were then
added to these solutions at a final concentration of 0.1 mg/mL.
The reactions were then incubated for 30 min before
measuring changes in fluorescence intensity on a FLS-980
fluorescence spectrometer (Edinburgh, UK) at 37 °C. The
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collection range was set to 400−700 nm at an excitation
wavelength of 370 nm.
Selectivity of Au-TeCDs. The selectivity of Au-TeCDs for

superoxide anions was determined by testing the fluorescence
response of Au-TeCDs in the presence of various ROS and
metal ions. Responses of Au-TeCDs to GSH, HClO, H2O2,
ONOO−, •OH, NO, O2, ButOOH, Na

+, Ca2+, Mg2+, Al3+,
Zn2+, Mn2+, Cu2+, Fe2+, Fe3+, and O2

•− were quantified by
dissolving 2 mL of the indicated ions in PBS buffer at pH 7.4 in
a glass cuvette and measuring the fluorescence using an
Edinburgh FLS-920 fluorescence spectrometer (Edinburgh,
UK) at 37 °C. The final concentration of each metal ion was
100 μM, the concentration for the ROS species was 10 μM,
and the concentration of O2

•− was 1 μM.
Quantifying O2

•− Elimination by Au-TeCDs. In order to
detect O2

•− elimination from solution by Au-TeCDs, we used
a commercially available reactive oxygen species kit (DCFH-
DA, Beyotime Biotechnology, Jiangsu, China). For these
experiments, TeCDs or Au-TeCDs in PBS buffer were added
at the indicated concentrations to solutions containing 5 μg/
mL ROS and 10 μM DCFH-DA according to the
manufacturer’s instructions. Following mixing, the reaction
solutions were allowed to incubate for 15 min at room
temperature. The fluorescence intensities of the solutions were
measured at 525 nm (DCFH-DA emission wavelength) on a
FLS-980 fluorescence spectrometer (Edinburgh, UK).
Detecting O2 Production Using Au-TeCDs. Stock

solutions of KO2 (1 mM in DMSO) were diluted in water
to a concentration of 0.5 mM. Following dilution, Au-TeCDs
(1 mg/mL in PBS) were added at a concentration of 0.1 mg/
mL. The formation of oxygen was then monitored for 25 min
at room temperature using a portable gas monitor (JPB-607A,
Leici, Shanghai, China). For concentration dependent experi-
ments, Au-TeCDs were added to 0.5 mM KO2 at the indicated
concentrations. The amount of oxygen generated was
monitored for 20 min at room temperature.
Cell Culture. Hepatocyte cells (HL-7702) were obtained

from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Hep G2 cells (CL-0103), RAW 264.7 (CL-
0190), HeLa cells (CL-0101), and A549 cells (CL-0016) were
purchased from Procell Life Science & Technology Co., Ltd.
(Wuhan, China). All cells were cultured and maintained in
DMEM containing 10% FBS, 1.0% (w/v) penicillin/
streptomycin at 37 °C in an MCO-15AC incubator under a
5% CO2 humidified air atmosphere (Sanyo, Tokyo, Japan).
Cells were grown to approximately 80% confluence before
subculture.
Cell Viability Assay. Hepatocyte cells (1 × 105 cells/mL)

were plated on sterile 96-well microtiter plates (Beyotime
Biotechnology, Jiangsu, China) in a total volume of 200 μL
DMEM per well. Cells were allowed to adhere for 24 h at 37
°C under a 5% CO2 humidified air atmosphere. The cells were
then switched to media supplemented with varying concen-
trations of Au-TeCDs and allowed to incubate for an
additional 12 h. Following incubation, MTT solution (5.0
mg/mL in PBS) was added to each well and the cells were
allowed to incubate for 4 h at 37 °C under a 5% CO2
humidified air atmosphere. After 4 h, the MTT solution was
removed and 150 μL of DMSO was added to each well to
dissolve the formazan crystals. The absorbance of the solution
was measured at 490 nm using a microplate reader (Triturus)
and plotted against Au-TeCD concentration. Data were
processed using Gen5 CHS v2.01 software.

Confocal Imaging. For confocal imaging, cultured cells
were plated on glass bottom dishes with 20 mm diameter wells
(D29-20-1.5N, Cellvis). Cells were plated at a concentration of
1.0 × 106 cells/mL in high-glucose DMEM supplemented with
10% FBS and 1.0% (w/v) penicillin/streptomycin. Cells were
allowed to adhere to the plates overnight before treatments.
Following treatment, the cells were washed three times with
fresh DMEM with no FBS or antibiotics and imaged using a
Leica TCS SP5 confocal laser-scanning microscope with a 40×
objective oil-emersion lens at room temperature.

Fluorescence-Activated Cell Sorting. For FACS anal-
ysis, cells were plated on six-well plates in 2 mL of high-glucose
DMEM and incubated at 37 °C in a 5% CO2 humidified air
atmosphere until reaching 80−90% confluence. The cells were
then harvested using a 0.05% trypsin−EDTA solution. Once
harvested, the cells were resuspended in DMEM and were
transferred to fresh microfuge tubes and treated as indicated.
Following treatment, the cells were switched to DMEM (no
FBS or antibiotics) supplemented with 10 μM DCFH-DA at
37 °C for 20 min as described.36−38 Following incubation, the
cells were pelleted and washed with PBS. DCFH fluorescence
was then measured from 5,000 cells on an ImageStreamX Mark
II flow cytometer (Merck Millipore, Seattle, WA). Data were
analyzed and processed using IDEAS software v6.2.

■ RESULTS AND DISCUSSION
Fabrication and Characterization of Au-TeCDs. Au-

TeCDs were synthesized from Te-containing CDs and BSA-
modified AuNPs using a modification of previously described
methods.31 Briefly, TeCDs were prepared using hydrothermal
treatment of FO-PTe under high temperature (Scheme 1a).

Subsequently, BSA-modified AuNPs were synthesized using
methods reported by Govindaraju et al.39 In this reaction,
HAuCl4 was mixed with BSA in water at 37 °C with vigorous
stirring (Scheme 1b). BSA is a serum protein that has been
used previously as a stabilizing agent in the synthesis of
nanoparticles.40 It should be noted here that Au3+ is reduced to
Au1+ during the initial BSA stabilization.41 Following addition
of BSA, NaOH was added to the suspension and the gold
atoms formed nanoparticles upon further reduction from Au1+

to Au0.42 BSA also acts as an efficient dispersion agent that
controls the size of the AuNPs.31 The AuNPs were then
sonicated in the presence of TeCDs to form the final Au-
TeCD products. (Scheme 1c).
We next evaluated the physicochemical properties of Au-

TeCDs by determining their electrophoretic mobility, average
size, and spectroscopic profile in solution. To accomplish this,

Scheme 1. Strategy for Synthesizing (a) TeCDs by
Superheating FO-PTes in EtOH and (b) BSA-Modified
AuNPs from HAuCl4 and BSA in an Alkaline Solution. (c)
Conceptual Representation of O2

•− Scavenging and
Production of O2 by Au-TeCDs
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Au-TeCDs were first dissolved in PBS and the electrophoretic
mobility was assessed by measuring the zeta (ζ) potential of
the nanoparticles (Figure 1a). The ζ potential is the electrical

potential at the interface separating the mobile fluid from fluid
surrounding the particles. This value informs on the stability of
particles in colloidal suspensions. Here, it was observed that
the ζ potential of our Au-TeCDs was 45 mV, indicating good
stability of the nanoparticles under these conditions.43 We next
determined the average size of our nanoparticles using
dynamic light scattering (DLS). DLS is a commonly used
technique to assess the size distribution profile of small
particles in colloidal suspensions.44 Under these conditions, it
was determined that Au-TeCDs had an average particle size
diameter of 12.4 nm (Figure 1b). Following these measure-
ments, we evaluated the excitation and emission spectra of Au-
TeCDs in PBS (Figure 1c). Here, we observed that Au-TeCDs
contained two emission peaks positioned at 425 and 640 nm
(Figure 1c) when excited at 370 nm. We speculated that this
spectroscopic profile likely arises from the respective emission
bands of the AuNP and TeCD components contained within
the Au-TeCDs.31,35 To test this hypothesis, we used similar
spectroscopic techniques to compare the physicochemical
properties of Au-TeCDs to TeCDs and AuNPs alone (Figure
S1). Here, we observed that the respective ζ potentials for
TeCDs and AuNPs were 50 mV and 10 mV (Figure S1a and
S1d). These results indicated that the TeCDs are more stable
than AuNPs under these conditions and that the comparatively
lower ζ potential observed for Au-TeCDs (45 mV) is likely
due to the addition of AuNPs to the TeCD particles. We also
observed that both TeCDs and AuNPs were marginally smaller
than our Au-TeCDs using DLS measurements (Figure S1b and
S1e). More specifically, DLS analysis indicated that the TeCD
and AuNP nanoparticles each averaged around 8 nm in
diameter. This result is reasonable as Au-TeCDs are expected
to have larger particle size diameters compared to TeCDs and
AuNPs. Finally, we observed that the respective emission
wavelengths of TeCDs and AuNPs contain single peaks at 425
and 640 nm (Figure S1c and S1f). This result indicated that
the dual-emission spectroscopic properties of Au-TeCDs
originate from the respective wavelengths of the individual
components. When comparing these three spectra, TeCDs
were found to have the strongest emission signal and the Au-
TeCDs displayed the weakest fluorescence intensity. The latter
result is likely due to fluorescence quenching by the AuNP
components.
Detection of O2

•− by Au-TeCDs. We next evaluated
whether we could use Au-TeCDs to detect ROS in solution by
observing the spectroscopic response of the nanoparticles in
the presence of O2

•−. To optimize detection parameters, 1 μM
O2

•− in PBS was added to Au-TeCDs, and the fluorescence

intensity of the solution was recorded under various
experimental conditions (Figure S2). Here, the fluorescence
detection conditions of the Au-TeCDs were found to be
optimized when the nanoparticle was suspended in 15 mM
PBS at pH 7.4. To investigate how varying concentrations of
O2

•− influence changes in the fluorescent intensity of Au-
TeCDs, different concentrations (0.02 to 0.8 μM) of O2

•−

were prepared in PBS and were incubated with 0.1 mg/mL Au-
TeCDs for 30 min. Interestingly, we found that the
fluorescence response increased at 425 nm and decreased at
640 nm with higher concentrations of O2

•− (Figure 2a). More

specifically, it was observed that the fluorescence intensity of
Au-TeCDs at 425 nm increased by roughly 1-fold between
0.02 and 0.8 μM O2

•−. We reasoned that this increase in
fluorescence was a result of the TeCD components being
activated through oxidation by O2

•− to form TeO.24 We also
noticed that the fluorescence signal of our Au-TeCDs
decreased approximately 4-fold at 640 nm between 0.02 and
0.8 μM O2

•−. We speculate that this may be a result of
conformational changes in BSA induced by intramolecular
BSA-to-AuNP binding.45

Upon observing this unique spectroscopic response, we
reasoned that the dynamic ratio of the fluorescence intensities
at 425 and 650 nm (F425/F640) could be used to ensure a high
degree of accuracy across subsequent measurements. The
fluorescent ratiometric method, which quantifies the change in
dynamic ratio of the fluorescence intensity at two separate
wavelengths, has been shown to provide enhanced precision
when normalizing path length variations, reduced influence of
photobleaching, and greater accuracy for determining concen-
trations of dyes in solution compared to single wavelength
measurements.46 The F425/F640 dynamic ratio for the Au-
TeCDs reacting with O2

•− was recorded and plotted as a
function of time (Figure 2b). Here, it was found that the ratio
increased gradually between 1 to 2 min and became stable after
2 min, indicating that the probe could detect O2

•− by dual-
wavelength fluorescence in a relatively short period of time.
The dynamic fluorescence ratio of Au-TeCDs displayed a

Figure 1. Physicochemical characteristics of Au-TeCDs in PBS. (a)
Determination of ζ potential of Au-TeCDs. (b) Average size of Au-
TeCDs as determined by DLS. (c) UV/vis excitation (red) and
emission (blue) spectra of Au-TeCDs.

Figure 2. (a) Fluorescence response of Au-TeCDs after adding
varying concentrations of O2

•− in PBS. (b) Dynamic fluorescence
intensity ratio (F425/F640) of Au-TeCDs reacting with O2

•− over time.
(c) Linear correlation between the fluorescence intensity ratio F425/
F640 and O2

•− concentration. (d) Fluorescence responses of Au-
TeCDs in the presence of various ligands; error bars are standard
deviation. See Experimental Section for reaction conditions.
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positive linear response to O2
•− within the concentration range

0.02−0.8 μM of superoxide (Figure 2c), with a correlation
coefficient of 0.9966. From these values, the limit of detection
(LOD) was calculated to be 7.37 nM (n = 11, LOD = 3 × S/
N).24 It is likely that the fluorescence of Au-TeCDs is
marginally quenched by the AuNP components. In fact, a
comparative analysis of the fluorescence emission spectra of
Au-TeCDs (Figure 1c) and TeCDs (Figure S1c) under similar
conditions shows the fluorescence emission intensity of Au-
TeCDs is lower than the fluorescence emission intensity of
TeCDs alone. This phenomenon is likely caused by the
quenching effects of the AuNPs, but it should not affect how
Au-TeCDs respond to O2

•− in our system. Indeed, Au-TeCDs
still present a sensitive response to O2

•− despite the ability for
AuNPs to quench the resultant fluorescence.
Finally, we confirmed that Au-TeCDs had the most robust

fluorescence response to O2
•− compared to other molecules

and ions (Figure 2d). Fluorescence intensities were recorded
from solutions prepared with the individual ligands in PBS at
pH 7.4 with 0.1 mg/mL Au-TeCDs. Notably, we observed that
the dynamic fluorescence ratio of F425/F640 was 9-fold higher in
the presence of O2

•− compared with other substrates. This
suggested to us that Au-TeCDs react with O2

•− with high
specificity and that this interaction produces a robust dynamic
fluorescence response of the nanoparticle.
Ability for Au-TeCDs to Scavenge O2

•−. It has been
shown previously that TeCDs can eliminate O2

•− under
physiological conditions.31 It was also reported that AuNPs
could act to enhance antioxidant activity in bioassays, while
eliminating several ROS.32 In order to study the O2

•−

scavenging ability of Au-TeCDs, we employed a commercial
DCFH-DA assay kit to monitor O2

•− levels in vitro. DCFH-DA
is a reagent that becomes fluorescent following de-esterification
by intracellular esterases to the nonfluorescent polar derivative
DCFH. Once generated, DCFH is subsequently oxidized to
highly fluorescent dichlorofluorescein (DCF) in the presence
of ROS.47 In order to determine whether Au-TeCDs are able
to scavenge O2

•− from solution, we mixed DCFH-DA,
intracellular esterases, and O2

•− for 10 min and added 0−0.5
mg/mL of Au-TeCDs. The fluorescence intensity was then
measured after 15 min (Figure 3a). The results here showed
that the fluorescence intensity at 525 nm decreases with
increasing concentrations of Au-TeCDs. This suggested to us
that O2

•− levels in solution are reduced as concentrations of
Au-TeCDs increase.
We speculated that DCFH could be used to accurately

quantify the degree of O2
•− scavenging by Au-TeCDs because

DCFH is oxidized to highly fluorescent DCF in the presence of
ROS.47 It should be mentioned, however, that AuNPs have
been used in previous studies to quench fluorescence of certain
dyes.48 We were therefore interested in determining whether
AuNPs could quench DCF fluorescence following oxidation.
To evaluate this effect, we performed a fluorescence response
experiment to quantify the interaction between AuNPs and dye
molecules (Figure S3). We observed here that there was no
significant change in fluorescence intensity of the DCF peak
(525 nm) at reaction times up to 15 min. These results
indicate that AuNPs alone have a minimal effect on the
fluorescence intensity of DCF under these conditions.
Following these experiments, we were interested in

determining how BSA-modified AuNPs influence the ability
of our Au-TeCDs to scavenge O2

•−. To accomplish this, we
compared the efficacy of Au-TeCDs to TeCDs for eliminating

O2
•− in solution (Figure 3b). The results here indicated that

both Au-TeCDs and TeCDs were able to scavenge O2
•− from

solution and that this effect was concentration dependent.
However, it was also shown here that Au-TeCDs reduce O2

•−

levels to a greater extent than TeCDs at concentrations above
0.2 mg/mL. This result verified that the AuNPs had a positive
influence on the elimination of O2

•− under these conditions. In
our previous study, TeCDs were found to react reversibly with
O2

•− and showed an increase in the fluorescence signal at 450
nm following the reaction.31 Based on previous evidence of Te-
mediated oxidation,31 we speculate that the reaction
mechanism involves TeCDs being oxidized to TeOCDs in
the presence of ROS.31 It is therefore likely that Au-TeCDs
follow a similar reaction mechanism under these conditions.
Furthermore, it has also been reported that AuNPs enhance
antioxidant activity in bioassays that contain multiple ROS.32

Hence, we surmise that the comparatively enhanced
scavenging observed with Au-TeCDs is a result of the
combined reactive capabilities of the individual TeCD and
AuNP components.
Molecular oxygen (O2) is the presumed product of O2

•−

reduction by Au-TeCDs (Scheme 1c).49 To evaluate whether
Au-TeCDs can induce the production of O2 from solutions
containing O2

•− ions, we mixed 0.1 mg/mL Au-TeCDs,
TeCDs, CDs, or Au with 0.5 mM KO2 in water and monitored
the evolution of O2 as a function of time (Figure 3c). Here, it
was observed that Au-TeCDs can liberate O2 as a reaction
product and that O2 concentrations increased with time. It was
also demonstrated that reactions containing Au-TeCDs
produced significantly more O2 than solutions containing
TeCDs, CDs, or Au alone, indicating that this configuration of
the nanoparticle was capable of liberating molecular oxygen
with greater efficiency than the individual components. We
reason that this observation is a result of the AuNP complex
enhancing the redox properties of TeCDs when reacting with
superoxide anions (O2

•−). In fact, it has been shown previously
that the attachment of natural or synthetic antioxidants to

Figure 3. (a) Au-TeCD-meditated O2
•− elimination as quantified by

DCFH-DA fluorescence (λem = 525 nm). (b) Elimination of O2
•− by

Au-TeCDs and TeCDs as quantified by DCFH-DA fluorescence (λem
= 525 nm). (c, d) Comparative analysis of O2 production by Au-
TeCDs, TeCDs, CDs, or Au as a function of time and nanoparticle
concentration. Lines and markers for CDs and Au alone were found
to overlap across all times and concentrations tested. Each data point
represents the average of three separate experiments; error bars are
standard deviation.
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inorganic gold nanoparticles results in enhanced scavenging of
ROS.50

Finally, to test the influence of concentration on reactivity,
we added different concentrations of Au-TeCDs, TeCDs, CDs,
or Au to 0.5 mM KO2 and measured the O2 content after 20
min (Figure 3d). The results here indicate that Au-TeCDs
generated O2 as an elimiation product in a concentration
dependent manner. Au-TeCDs again produced significantly
more O2 than TeCDs, CDs, or Au across all concentrations
tested, indicating that the enhanced scavenging efficacy was
not dependent on concentration of the nanoparticles. Taken
together, these results suggest that Au-TeCDs are good
candidates for scavenging O2

•− and produce O2 as a byproduct
of the oxidation reaction.
Toxicity of Au-TeCDs in Cultured Cells. MTT assays are

often employed to quantify cell viability by measuring
metabolic activity.51 Here, we used an MTT assay to evaluate
the cytotoxicity of our Au-TeCDs. In this experiment,
hepatocyte cells (105 cells/mL) were allowed to adhere to a
sterile, clear 96-well microtiter plate for 24 h at 37 °C under a
5% CO2 humidified air atmosphere. Following attachment, the
cells were switched to media supplemented with different
concentrations (0−800 μg/mL) of Au-TeCDs and allowed to
incubate for an additional 12 h. Following incubation, MTT
reagents were added to the wells and the absorbance of the
solution (490 nm) was used to quantify cell viability (Figure
S4). Here, it was found that Au-TeCDs were not toxic to cells
at concentrations up to 800 μg/mL with minimal change in
cell viability across all concentrations tested. These results
indicate that Au-TeCDs are nontoxic to hepatocyte cells under
these conditions. We reasoned that the low toxicity of AuNPs
may be due to the presence of the BSA-capped AuNPs, which
likely prevent further cell damage from exposed Te.52

Imaging of Intracellular O2
•− with Au-TeCDs. In order

to investigate whether Au-TeCDs can detect O2
•− in live cells,

five cell types including hepatocyte, RAW 264.7, HeLa, Hep
G2, and A549 cells were incubated with 0.1 mg/mL Au-
TeCDs for 30 min and changes in intracellular fluorescence
were compared. To perform these studies, one population of
cells was pretreated with 1.0 μM 2-methoxyestradiol (ME) for
30 min, while another population was pretreated with 5.0 μM
Tiron for 30 min before the addition of Au-TeCDs. In
addition, a blank population of cells (no treatment) was used
as a negative control. ME is a natural metabolite of estradiol
that has been shown to increase the concentration of
superoxide in tumor cells.53 Trion is an antioxidant and acts
to effectively reduce the levels of ROS in cellular environ-
ments.54 Following treatment, the intracellular response of Au-
TeCDs to O2

•− was monitored using confocal laser-scanning
microscopy with fluorescence detected in the ranges of 400−
500 nm and 600−700 nm (Figures 4a and S5). Here, it was
observed that all cell types treated with ME exhibited increases
in fluorescent signal output at 400−500 nm, while cells treated
with Tiron showed fluorescent signal increases in the 600−700
nm range. Comparisons of the F425/F640 output in the five cell
types are shown in Figure 4b. We observed that the F425/F640
signal is appoximately 7-fold higher in cells treated with ME
and 4-fold lower in cells treated with Tiron compared to
untreated controls. This result is consistent with the
fluorescent response shown in Figure 2a. Collectively, these
results confirmed that Au-TeCDs can report on intracellular
O2

•− levels through dynamic changes in dual-wavelegnth
fluorescence.

Scavenging O2
•− with Au-TeCDs in Live Cells.

Encouraged by these findings, we next conducted experiments
to evaluate whether Au-TeCDs could scavenge O2

•− in live
cells. For these studies, HeLa cells were preincubated with
DCFH-DA for 30 min. Following incubation, the cells were
treated with 0.1 mg/mL Au-TeCDs for an additional 30 min.
The intracellular fluorescent signal of DCF was then recorded
using a fluorescence microscope (Figure S6). Here, we
observed that the fluorescence intensity was reduced roughly
4-fold in cells containing Au-TeCDs, indicating that these
nanoparticles could eliminate intracellular O2

•− under these
conditions. O2

•− elimination was further investigated by
monitoring the change in fluorescence intensity of cells treated
with Au-TeCDs as a function of time. For these studies, HeLa
cells were preincubated with ME for 30 min and subsequently
treated with 10 μM DCFH-DA and 0.1 mg/mL Au-TeCDs.
The fluorescence response of DCFH-DA was then recorded
over 30 at 10 min intervals using confocal laser-scanning
microscopy (λex = 488 nm) (Figure 5a−d). Here, we observed
that cell fluorescence intensity decreased markedly with time
after adding Au-TeCDs (Figure 5e). The intracellular
fluorescence intensity at 30 min is reduced approximately 4-
fold after adding Au-TeCDs compared to untreated cells (t = 0
min). This result strongly indicates that Au-TeCDs can
scavenge O2

•− in live cells in a time dependent manner.
In order to confirm the results observed from our confocal

experiments and gain further insight into how Au-TeCDs affect
total cell fluorescence, we moved to evaluate O2

•− levels in
cells treated with Au-TeCDs using fluorescence activated cell
sorting (FACS). For these studies, hepatocyte cells were
pretreated with ME for 30 min, followed by treatment with 10
μM of DCFH-DA for 1 h. TeCDs or Au-TeCDs (0.5 mg/mL)
were then added to the cells, and the change in fluorescent
intensity was monitored as a function of time (Figure S7a).
Here, we observed that the fluorescence intensity decreased
approximately 40% over 20 min after adding Au-TeCDs and
20% after adding TeCDs. Notably, these results indicated that
Au-TeCDs reduce O2

•− levels to a greater extent than TeCDs

Figure 4. (a) Confocal fluorescence micrographs of A549 cells treated
with Au-TeCDs. Labels at left indicate cell treatment conditions;
labels on top indicate imaging channels. Scale bar is 15 μm. (b)
Dynamic fluorescence ratio comparison for various cell types. Each
data point represents the average of three experiments; error bars are
standard deviation.
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in live cells. Similar experiments were performed to investigate
changes in O2

•− levels as a function of nanoparticle
concentration (Figure S7b). For these experiments, Au-
TeCDs or TeCDs were added at the indicated concentrations
to hepatocyte cells that had been pretreated with ME and
DCFH-DA. Following incubation, the level of O2

•− was
quantified by measuring the fluorescence intensity of the cells
using FACS. It was observed here that fluorescence intensity
decreased 38% after adding 0.6 mg/mL of Au-TeCDs and 15%
after adding a similar concentration of TeCDs. This set of
experiments suggested to us that Au-TeCDs are more efficient
at scavenging O2

•− in cells for longer time periods and at
higher concentrations compared to TeCDs. The O2

•−

scavenging property of Au-TeCDs was further confirmed by
investigating the fluorescence intensity histogram from our
FACS experiments (Figure S7c−h). In this study, three groups
of hepatocyte cells were all pretreated with ME (Figure S7c−e)
and DCFH-DA. The cells were then treated with either buffer
alone, TeCDs, or Au-TeCDs. As expected, the fluorescent
intensity in cells decreased after treatment with each
nanoparticle. However, Au-TeCDs were shown to reduce
O2

•− levels to a greater extent than TeCDs under these
conditions. Similar experiments in cells with no prior ME
stimulation showed the same trend, which indicated that Au-
TeCDs have the ability to scavenge O2

•− even in the absence
of molecules that generate ROS (Figure S7f−h). Collectively,
our confocal and FACS experiments demonstrate that Au-
TeCDs can be used to scavenge superoxide anions in different
cell types and that changes in cellular fluorescence can be
quantified using different analytical techniques.

■ CONCLUSION
In this project, we developed a novel class of nanoparticle (Au-
TeCDs) comprised of BSA-modified gold nanoparticles
coupled with tellurium-containg carbon dots. Our results
show that Au-TeCDs have fluorescence emission peaks at 425

and 640 nm, which allows for the dual-fluorescence
quantitative detection of O2

•−. Our data also show that Au-
TeCDs can efficiently eliminate O2

•− due to a highly specific
reaction between Te and O2

•−. This effect was further
augmented by the ability for AuNPs to eliminate O2

•−,
possibly due to recruitment of SOD enzymes.25 Owing to low
cytotoxicity, we were also able to show that Au-TeCDs can be
administered to living cells and demonstrate excellent
scavenging of intracellular superoxide. Taken together, these
results suggest that Au-TeCDs may be used to scavenge
superoxide or quantify ROS in whole organisms and may be
applied as potential therapeutics to treat ROS-mediated
disease.
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