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Turn-On Luminescent Probes for the Real-Time Monitoring of
Endogenous Hydroxyl Radicals in Living Cells
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Abstract: The utilization of semiconductor quantum dots
(QDs) as optical labels for biosensing and biorecognition has
made substantial progress. However, the development of
a suitable QD-based luminescent probe that is capable of
detecting individual reactive oxygen species (ROS) represents
a great challenge, mainly because the fluorescence of QDs is
quenched by a wide variety of ROS. To overcome this
limitation, a novel QD-based turn-on luminescent probe for
the specific detection of COH has been designed, and its
application in monitoring the endogenous release of COH
species in living cells is demonstrated. Metal citrate complexes
on the surfaces of the QDs can act as electron donors, injecting
electrons into the LUMO of the QDs, while COH can inject
holes into the HOMO of the QDs. Accordingly, electron–hole
pairs are produced, which could emit strong luminescence by
electron–hole recombination. Importantly, this luminescent
probe does not respond to other ROS.

Reactive oxygen species (ROS) have attracted more and
more interest in a variety of fields because of their key roles in
physiological and pathological events.[1] Therefore, monitor-
ing ROS contributes to a better understanding of their
biological roles. Currently, fluorescent probes are generally
used for the detection of intracellular ROS.[2] In particular,
organic fluorescent probes have been designed for the
detection of individual ROS.[3] However, their applications
are limited by their susceptibility to photobleaching, biotox-
icity, and spontaneous autoxidation.[4] Meanwhile, surface-
enhanced Raman scattering (SERS) has been successfully
developed as a promising alternative to fluorescence meas-
urements that benefits from the photostability and narrow
spectral band of the used probes.[5]

Several new strategies for the synthesis of functionalized
semiconductor quantum dots (QDs) with substrate-specific
ligands or receptor units have been implemented to develop
optical sensing systems for a variety of cellular imaging
methods and the detection of chemicals and biomolecules.[6]

However, a wide variety of ROS can quench the fluorescence
of QDs,[7] impeding the practical application of QDs as
a fluorescent probe for an individual ROS. Therefore, to
elucidate potential pathophysiological processes associated
with the target ROS, the development of a suitable QD-based

luminescent probe that is capable of detecting individual ROS
is crucial.

Photoexcitation of valence-band electrons into the con-
duction band of QDs yields electron–hole pairs that recom-
bine to generate photoluminescence. However, two compet-
itive electron-transfer routes, namely by electron-acceptor or
electron-donor units, can prevent the recombination of the
electron–hole pairs on the photoexcited QDs, quenching the
fluorescence of the QDs.[ 6c] Alternatively, the luminescence
of QDs can be recovered by the following process: The
injection of an electron from an electron-donor unit into the
LUMO of a QD produces a reducing QD (QDC¢), and the
injection of a hole from an electron acceptor into the HOMO
of a QD generates an oxidizing QD (QDC+);[8] the recombi-
nation of QDC¢ and QDC+ results in the formation of excited-
state QDs, which can generate strong luminescence by
electron-transfer recombination.[ 8b] Interestingly, only COH
can easily inject a hole into the 1Sh quantum-confined orbital
of the QD core as the COH/OH¢ couple displays the highest
standard redox potential of all ROS.[9] Inspired by this
property of COH, we were interested in developing a specific
QD-based luminescent probe for COH detection by making
use of electron donors with matching energy levels.

Citrate is an excellent candidate to substitute thiol
capping ligands in the synthesis of water-soluble QDs owing
to its low toxicity and good biocompatibility.[10] On the other
hand, citrate can act as an electron donor on a metal
surface.[11] Taking into account these impressive properties,
we anticipated that citrate should be an ideal electron donor.
We herein report that a metal citrate complex on the surface
of a CdTe QD can inject electrons into the LUMO of the
CdTe QD core. In combination with the hole injection from
COH, excited-state QDs will be formed, which can emit light
when returning to the ground state (Scheme 1). This lumi-
nescent probe is capable of detecting COH with high
selectivity, and the overall approach was validated by
monitoring the endogenous release of COH in living cells.
The proposed strategy has great potential for studying
pathophysiological processes associated with COH species
by selectively and sensitively monitoring intracellular COH
levels.

Citrate-capped CdTe QDs (Figure 1A; see also the
Supporting Information, Figure S1) were synthesized by
mixing thioglycolic acid (TGA) capped CdTe QDs (Fig-
ure S2) with fluorosurfactant-capped gold nanoparticles
(FSN-AuNPs).[12] A UV/Vis absorption spectrum and
a TEM image of the FSN-AuNPs (14 nm) are shown in
Figure S3 A. Thiol-induced aggregation of the AuNPs was
observed upon ligand exchange (Figure S3 B). These AuNP
aggregates could be easily separated from the CdTe QDs by
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centrifugation. The success of ligand exchange was confirmed
by Fourier transform infrared (FT-IR) spectroscopy (Fig-
ure 1B). The absorption band at 1283 cm¢1, which corre-
sponds to the C¢O stretching vibrations, was shifted towards
lower frequencies (1274 cm¢1) with a decrease in the intensity
(Figure 1B), demonstrating the bonding of citrate to the CdTe
QDs through the C¢O groups.[10b,13] Furthermore, energy-
dispersive X-ray spectroscopy (EDX) data demonstrated the

complete removal of the thiol ligands from the surface of the
CdTe QDs after ligand exchange (Figure S4).

The changes in the energy levels of the CdTe QDs were
monitored by cyclic voltammetry. For the TGA-capped CdTe
QDs, a cathodic peak was observed at approximately¢0.65 V
(Figure 1C), which was attributed to the formation of the
stable radical anion of the CdTe QDs.[14] The LUMO energy
level of the CdTe QDs was calculated to be ¢4.41 eV,
according to the equation ELUMO =¢(Eonset

red + 4.71) eV,[15]

where the onset reduction potential (Eonset
red) was determined

to be¢0.30 V. The HOMO energy level of the CdTe QDs was
estimated to be ¢6.65 eV according to EHOMO = ELUMO¢Eg,
where Eg is the optical band gap (Eg = 1240/lg, where lg is
absorption edge of the CdTe QDs).[16] For the citrate-capped
CdTe QDs, a well-defined cathodic peak was observed at
¢0.96 V (Figure 1C), indicating the formation of metal citrate
complexes on the surface of the QDs.[17] Accordingly, because

of the more cathodic value, the complex
shell can inject electrons into the LUMO of
the CdTe QD core (Figure 1D).

In general, electron transfer from the
conduction band of the QDs to the singly
occupied molecular orbitals of ROS could
lead to the fluorescence quenching of the
QDs.[7] In this work, indiscriminate fluores-
cence quenching was also observed from the
citrate-capped CdTe QDs in the presence of
a wide variety of ROS (Figure 2A, inset),
which implies that it is difficult to differ-
entiate between individual ROS by fluores-
cence identification with the citrate-capped
CdTe QDs. Notably, among various ROS,
COH shows the most positive redox potential
(COH + e¢!OH¢ , E0� (2.84–0.06 pH) V vs.
SHE), which is sufficient for hole injection
into the 1Sh quantum-confined orbital of the
CdTe core to produce QDC+ (Figure 1D).[8b]

In combination with the injection of elec-
trons into the LUMO of the QD core by the
citrate complex shell, excited-state QDs will
be formed. Accordingly, a strong lumines-
cence signal was detected with the static
injection setup shown in Figure S5. How-
ever, no obvious emission could be initiated
by other ROS, including 1O2, H2O2, O2C¢ ,
ClO¢ , TBHP, TBOC, and ROOC (Figure 2A),
indicating the good selectivity of the QD-
based luminescent probe towards COH,
which is due to the citrate complex on the
QD surface. The relatively weak lumines-
cence of the citrate-capped CdTe QDs in the

presence of ONOO¢ arises from a small number of COH
radicals that are generated by homolysis of ONOOH under
physiological conditions.[18]

The origin of the COH-triggered luminescence of the
citrate-capped CdTe QDs was investigated in detail. As
shown in Figure S6, the luminescence of the citrate-capped
CdTe QDs was very strong in the presence of COH species.
However, very weak emission was observed with the TGA-

Scheme 1. Photoluminescence quenching of QDs by ROS electron
acceptors (A) and chemical-reaction-induced luminescence of QDs by
electron–hole recombination in the QDs in the presence of metal
citrate complexes as electron donors (D) and COH species as hole
donors.

Figure 1. A) Fluorescence (lex =365 nm, ex/em slits: 5.0 nm) and UV/Vis absorption
spectra of the citrate-capped CdTe QDs. B) FT-IR spectra of sodium citrate (citrate-Na),
TGA-capped CdTe QDs (TGA-QDs), and citrate-capped CdTe QDs (citrate-QDs), and of the
reaction products of citrate-capped CdTe QDs with COH. C) Cyclic voltammograms recorded
for PBS buffer (50 mm, pH 7.4), TGA-QDs (PBS, pH 7.4), and citrate-QDs (PBS, pH 7.4).
Scan rate: 100 mVs¢1; working electrode: glassy carbon electrode; reference electrode: Ag/
AgCl electrode; counter electrode: Pt electrode. D) Energy level diagram for the 1Sh and 1Se

quantum-confined orbitals of the CdTe QDs, and the standard redox potentials of COH and
the QD citrate complex (cit-complex).
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capped CdTe QDs and in other control experiments. These
results indicate that the citrate complex on the surface of the
CdTe QDs makes a decisive contribution to the strong
emission in the citrate-capped CdTe QD/COH system. Fur-
thermore, the evolution of the citrate consumption during the
reaction was monitored by FT-IR spectroscopy (Figure 1B).
After the addition of COH, the FT-IR spectrum of the citrate-
capped CdTe QDs shows a new band at 1578 cm¢1, which
corresponds to asymmetric C=O stretching vibrations of the
ketone groups.[19] These results demonstrate that the metal
citrate complexes on the surfaces of the CdTe QDs can donate
electrons and decompose into acetonedicarboxylate in the
presence of COH.[11] The nature of the emitting species in the
citrate-capped CdTe QD/COH system was confirmed by
measuring the luminescence spectrum. Maximum emission
was observed at l� 535 nm (Figure 2B), which is consistent
with the fluorescence spectrum of the citrate-capped CdTe
QDs. The overlapping nature of the spectra confirms that the
reaction between the citrate-capped CdTe QDs and COH can
generate excited-state CdTe QDs.[ 8c] Furthermore, the reac-
tive intermediates of the citrate-capped CdTe QD/COH
system were also analyzed by electron spin resonance
(ESR) spectroscopy and the addition of ROS scavengers.
For the ESR experiments, 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) was used as a specific target molecule of COH. A
significant ESR signal corresponding to the DMPO–COH
adduct was observed (Figure 2B, inset), indicating the
presence of COH in the proposed system. Moreover, the
luminescence intensity of the system was remarkably
quenched when COH scavengers (thiourea, DMSO, and
tBuOH)[20] were added (Figure S7). On the other hand,
these scavengers had no effect on the luminescence properties
of the citrate-capped CdTe QDs. These results further
demonstrate that the strong emission of the proposed
system is due to the presence of COH.

Having shown the superior analytical performance of the
citrate-capped CdTe QDs for monitoring COH in vitro, such as

excellent linearity, stable read-out, and reversible
sensing (Figures S8 and S9), we then explored its
capability as a turn-on luminescent probe for
intracellular COH assays. First, the toxicity of the
citrate-capped CdTe QDs towards Hela cells was
evaluated according to the MTT viability assay.
The results indicated that the Hela cells main-
tained a high viability (> 80%) after they had been
incubated with the citrate-capped CdTe QDs
(0.1 mm) for twelve hours (Figure S10). Therefore,
the citrate-capped CdTe QDs could be used as
intracellular luminescent probes. On the other
hand, the cellular uptake of the as-proposed probe
was investigated by incubating cells with the
citrate-capped CdTe QDs at various concentra-
tions for four hours. The uptake first increased with
an increase in the concentration of the citrate-
capped CdTe QDs and reached a saturation point
in the presence of 0.1 mm citrate-capped CdTe QDs
(Figure S11).

Generally, nanoparticles undergo endocytosis
through the endosomal pathway, and are eventu-

ally transferred to the lysosomes.[21] The intracellular local-
ization of the citrate-capped CdTe QDs was determined by
co-staining with organelle markers.[22] Figures 3 A and B show
that the CdTe QDs internalized by Hela cells were primary
localized within the lysosomes. We then investigated the
stability of the citrate-capped CdTe QDs against five pro-
teases (trypsin, pronase, proteinase 3, proteinase K, and
cathepsin G).[23] No fluorescence quenching of the citrate-
capped CdTe QDs was observed upon incubation with these
proteases for six hours at 37 88C (Figure S12). The fluorescence
enhancement observed in the presence of trypsin might be
due to the adsorption of the protein on the surface of the
QDs.[24] On the other hand, there was almost no change in the
luminescence response of the citrate-capped CdTe QDs
towards COH in the presence of the five tested proteases.
Therefore, we concluded that the citrate ligand shells on the
surfaces of the CdTe QDs were not destructed by the
proteases.

The Fenton reaction (Fe2+/H2O2) was used to produce
exogenous COH in living cells.[25] After incubation with 0.1 mm
citrate-capped CdTe QDs (Figure 3A and B), the cells were
treated with a series of H2O2 concentrations. Then the
luminescence signals were recorded when 1.0 mm Fe2+

solutions were injected into the cells. The relative lumines-
cence intensity was approximately linearly dependent on the
COH concentration within the cells (Figure 3C). The calibra-
tion curve was found to be linear from 0.1 to 100 mm with
a regression line of y = 10x + 26.767 (R2 = 0.9995), where y is
the luminescence intensity, and x is the COH concentration.
The relative standard deviation for nine repeated measure-
ments with 1.0 mm H2O2 was 2.8%.

To confirm that the proposed luminescent probe is specific
to COH, we performed a control experiment by treating QD-
loaded cells with 100 mm H2O2 and 0.1 % DMSO for
30 min.[ 20c] Interestingly, a clear inhibitory effect of DMSO
on the luminescence intensity was observed after injecting
1.0 mm Fe2+ (Figure 3D), further confirming that the lumi-

Figure 2. A) Luminescence intensity of the citrate-capped CdTe QDs in the presence
of different ROS. Inset: Fluorescence spectra of the citrate-capped CdTe QDs after
the addition of different ROS. B) Fluorescence spectrum of the citrate-capped QDs
(solid line) and luminescence spectrum of the citrate-capped CdTe QD/COH system
(dotted line). Inset: ESR signal of the DMPO¢COH adduct in the citrate-capped
CdTe QD/COH system. All experiments were performed at room temperature in
50 mm PBS buffer (pH 7.4). The concentration of the citrate-capped CdTe QDs was
0.4 mm, and the concentration of the ROS was 100 mm. Fluorescence spectra were
monitored using lex = 365 nm. The luminescence spectrum was obtained with
a fluorescence spectrophotometer without excitation light.
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nescence of the proposed probe is due to the presence of COH
in the living cells. Finally, the effects of some typical
interfering compounds (e.g., some ions and reductants) in
living cells were investigated. Fortunately, these substances
had no influence on the detection of 10 mm COH (Table S1). It
is known that glutathione (in the mm range) is the most
important antioxidant in living cells counteracting the dele-
terious effects of oxidative stress.[26] Herein, we investigated
the effect of glutathione on the luminescence of the citrate-
capped CdTe QD/COH system in detail. As shown in Fig-
ure S13, COH was partially scavenged by glutathione in the
range of 2.0–10 mm. Therefore, the proposed luminescent
probe can monitor the net release of ROS in the stimulation
process.

The ability of the proposed probe to monitor COH
generated upon physiological stimulation was examined by
using phorbol 12-myristate 13-acetate (PMA) to stimulate the
endogenous production of ROS in living cells.[27] In this assay,
Hela cells were first incubated with the citrate-capped CdTe
QDs for four hours, followed by luminescence measurements
before/after PMA stimulation (Figure 4 A). The lumines-
cence signal increased gradually after PMA stimulation and
reached its maximum within 1.5 hours (Figure 4B). However,
the luminescence signal decreased to the control level after
four hours of stimulation, indicating that the PMA-induced
COH release was completed in four hours. Note that stable
luminescence signals were recorded for more than one hour
before stimulation. Furthermore, the real-time monitoring
was repeated, and thus has some biological meaning (Fig-

ure S14). Citrate-capped CdTe QDs in Hela cells
were still observed to fluoresce after four hours of
PMA stimulation (Figure 4 C and D), confirming
that the content of citrate-capped CdTe QDs in the
Hela cells was enough for measuring the released
COH under PMA stimulation. Therefore, the pro-
posed luminescent probe can be used for the real-
time monitoring of COH production in living cells.

In summary, we have developed a highly selec-
tive turn-on luminescent probe for COH species that
makes use of metal citrate complexes on the surface
of CdTe QDs. These complexes inject electrons into
the LUMO of the CdTe QDs while the COH species
act as electron acceptors, injecting holes into the
HOMO of the CdTe QDs. Other types of fluores-
cent probes for COH are mainly based on small
organic molecules and nanoparticles. The probes
obtained from small organic molecules exhibit high
sensitivity and specificity with regard to COH
detection whereas the sensitivity and specificity of
some nanoparticle probes towards COH are unsat-
isfactory. Our QD-based probe for the detection of
COH benefits from a facile preparation method and
high selectivity and sensitivity (Table S2). Studies
with living cells revealed that the citrate-capped
CdTe QDs display a specific response towards COH
and excellent optical properties, low cytotoxicity,

Figure 3. A) Intracellular localization of the citrate-capped CdTe QDs in stained
Hela cells (QDs: green; lysosomes: red; nucleus: blue). B) Magnified image of the
indicated region in (A). C) Luminescence response of cells loaded with the citrate-
capped CdTe QDs towards different COH concentrations. Inset: Calibration curve
for COH. D) Luminescence response of the Hela cells, cells loaded with the citrate-
capped CdTe QDs, and cells loaded with the citrate-capped CdTe QDs and treated
with 0.1% DMSO towards 100 mm COH.

Figure 4. A) Real-time detection of generated COH species by PMA in
living cells. B) Real-time luminescence response of COH species
generated by 1.0 mgmL¢1 PMA stimulation in living cells. C,D) Confo-
cal fluorescence microscopy images of HeLa cells incubated with
0.1 mm citrate-capped CdTe QDs for 4 h (C) that were then treated with
1.0 mgmL¢1 PMA for 4 h (D). Scale bar: 40 mm.
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and good biocompatibility. The proposed system has been
successfully applied for the real-time monitoring of COH
generated in living cells under PMA stimulation. This method
will expand the applicability of QDs as biosensors, helping to
unravel the role of endogenous ROS in complicated biolog-
ical systems.
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