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ABSTRACT: An emission “turn-off” chemodosimeter for the naked-eye
detection of biothiols using silica-overcoated cadmium selenide quantum
dots is developed. Hole scavenging by the thiol group of cysteine,
homocysteine, or glutathione on interaction with quantum dots resulted in
an instant and permanent emission quenching under physiologically
relevant conditions. Also, the emission suppression is so specific that thiols
and substituted thiols (methionine and cystine) can easily be distinguished.
A pilot experiment for the visual detection of serum thiols in human blood
was also conducted. Densitometry analysis proved the potential of this
system as a new methodology in clinical chemistry and research laboratories
for routine blood and urine analyses using a simple procedure. This method
enables one to visually distinguish biothiols and oxidized biothiols, whose
ratio plays a crucial role in maintaining “redox thiol status” in the blood.

■ INTRODUCTION
The in vivo maintenance of “redox thiol status”, which involves
a dynamic system of biothiols and their disulfides, is of great
importance for the normal physiological function of the human
body. Changes in redox thiol status are a marker of different
pathological states and, in turn, several diseases.1,2 Tailoring
simple methods for the clinical analysis of biothiols such as
cysteine (Cys), homocysteine (Hcy), and glutathione (GSH)
in blood plasma and urine is of particular attention as they play
a pivotal role in metabolic processes in living cells by
maintaining biological redox homeostasis.3 For instance,
although cysteine residues are relatively rare in proteins, their
elevated level in blood is documented as a risk factor for
cardiovascular diseases and neurological conditions.4 Hcy, a
key intermediate in methionine metabolism, is found to be a
risk factor for disorders including dementia, cardiovascular
disease, and Alzheimer’s disease.5,6 Among various peptides,
the GSH level in tumor cells is proven to be vital for both
protective and pathogenic activity.7 Also, GSH protects cells
from damage by toxic compounds, reactive oxygen com-
pounds, and radiation.8

Selective detection and quantification of these biologically
important analytes are major difficult tasks due to their
structural similarity, incorporating both carboxylic and amino
functionalities. Various approaches for qualitative as well as
quantitative analysis of these bioanalytes have been developed,
mainly based on electroanalytical techniques,9,10 high-perform-
ance liquid chromatography (HPLC),11,12 capillary electro-
phoresis separation, immunoassays based on derivatization

with fluorescent/phosphorescent reagents, spectrophotometric
methods, etc.13,14 Unfortunately, all of these methods require
either expensive reagents or equipment or skilled manpower to
ensure reproducibility. In this context, much attention is being
paid to the development of simple and cheap fluorescent
probes, without compromising selectivity and sensitivity.15−24

Nanoparticles have been proven to be an efficient substitute for
organic fluorophores, particularly for developing emission
“turn on/off” sensors.25−33 Among various nanoparticles,
quantum dots (QDs) are of particular interest in developing
novel biosensors owing to their unique properties such as
broad absorption band, emission in the visible region,
photostability, etc.34−42 Moreover, the potential of QDs to
transfer electrons or holes to biologically important molecules,
interacting covalently or noncovalently with their surface, can
be used to tune the QD emission intensity and thus generate
charge transfer-based emission “on/off” signaling.43−56

These unique properties of QDs motivated many groups to
design, synthesize, and develop QD chemosensors and
chemodosimeters from different classes of materials; carbon,
graphene, sulfur, MoSe2, and MoS2 are some of the recently
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reported zero-dimensional materials for the sensing of
bioanalytes.45−51

While designing QDs for detecting biomolecules, their
dispersibility in the biological milieu is a mandatory require-
ment. Unfortunately, solubilizing QDs in aqueous media by
encapsulating in multifunctional capping agents or embedding
in a thick siloxane shell restricts the QD core-analyte direct
charge transfer process and, in turn, limits their scope in
developing biosensors.57−59 To circumvent this limitation,
herein, we report silica-overcoated cadmium selenide QDs
(silica-overcoated QDs) with an optimum shell coverage, as an
emission “turn-off” sensor, for thiol-containing amino acids
and peptides. Although silica-overcoated QDs have been
employed for biological labeling and imaging purposes, their
biosensing applications are seldom explored.60,61 Although
chemosensors possess a distinct advantage in terms of their
reusability, the chemodosimeters reported offer another
essential property in terms of high selectivity. To the best of
our knowledge, this is the first observation in which silica-
overcoated QDs were used for the visual detection of biothiols
under physiologically relevant conditions. The advantages of
this nanoprobe over some of the other recently reported
various nanomaterials for detection of bioanalytes are tabulated
in the Supporting Information. The chemodosimeter described
herein proves how sulfhydryl containing amino acids like
cysteine, homocysteine, and the tripeptide glutathione can be
identified directly and instantly by looking at the emission of
CdSe QDs illuminated with a hand-held ultraviolet (UV) lamp.
We also demonstrate its employability as a testing kit for the
naked-eye detection of biothiols in human blood serum.

■ RESULTS AND DISCUSSION
CdSe QDs capped with trioctylphosphine oxide were
synthesized and rendered water-soluble by salinization using
aminopropyl silane (APS), following a reverse microemulsion
method. The details of the synthesis, salinization process, and
evaluation of colloidal properties of QDs have been published
elsewhere (Figure 1).62,63

Prepared QDs showed excellent solubility and colloidal
stability in a phosphate-buffered saline (PBS) buffer (pH 7.3)

with strong emission at ∼550 nm. The emission was found to
be stable over a wide range of pHs and ionic strengths of the
medium (Figure S1). On introducing Cys, the emission
intensity of QDs (0.17 μM in phosphate-buffered saline (PBS),
pH 7.3, excited at 400 nm) decreased remarkably and instantly,
without any change in the emission maximum as well as in the
absorption excitonic peaks (Figure 2 inset; see also the link for

video in the Supporting Information). The permanent
suppression of the emission intensity of QDs by Cys, without
affecting the absorption profile, indicated that the quenching is
affected by a QD-Cys charge transfer process.
Interestingly, except for Cys, none of the other 19 natural α-

amino acids displayed the same effect, showing the selectivity
of Cys in quenching the QD emission (Figures 2 and S2).
It is relevant to note that the electronic absorbance spectrum

of QDs remains unaffected in the presence of Cys (inset of
Figure 2). It ruled out the possibility of any nonphotochemical
reaction between Cys and QD, which would degrade the
electronic integrity of the nanoparticle and might have led to a

Figure 1. Schematic representation of silanization of TOPO-capped CdSe QDs by the reverse microemulsion method.

Figure 2. QD emission “turn-off” selectivity of Cys over other natural
α-amino acids. Io and I represent emission intensity in the absence
and presence of a quencher, respectively. Inset: QD emission (0.17
μM, PBS, pH 7.3, excited at 400 nm) and absorbance spectra in the
presence of Cys, when added to 40 μM.
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reduced emission intensity. A plot of relative emission intensity
against the concentration of Cys (Stern−Volmer plot) showed
a linear behavior, indicating the presence of a unique mode of
emission quenching pathway, by either dynamic or static
mechanism (Figure S3A). A time-resolved emission decay
analysis of QDs, in the presence of Cys, showed that the
decrease in emission quantum yield is not followed by a change
in excitonic lifetime (Figure S3B). The average lifetime
remained constant (∼22 ns, Table S4), indicating that a static
mode of quenching mechanism prevails, where QD forms a
nonluminescent complex with Cys (QD-Cys).
Using the Stern−Volmer quenching constant (KSV) 89254

M−1, the bimolecular quenching constant (kq) was extracted as
4.1 × 1012 M−1 s−1. This value is significantly faster than the
diffusion-limited rate constant for biomolecules in aqueous
media, supporting the above assumption that the quenching is
affected via a QD-Cys complex formation.64,65 Further, we
observed exactly the same effect on emission and absorbance
of QDs with other thiol-containing biologically important
molecules such as homocysteine (Hcy) and glutathione
(GSH) under identical conditions (data provided in the
Supporting Information). In short, analytes with thiol
functionality (−SH) significantly quenched the QD emission
in contrast to those with substituted thiols like methionine (−
SCH3) or cystine (−S−S−). It clearly spells out the selectivity
and role of the thiol moiety in causing QD emission
quenching.
The limit of detection (LOD) and the limit of quantification

(LOQ) were determined according to the 3σ IUPAC
definition using the following equations: LOD = 3σ/Ksv and
LOQ = 10σ/KSV, where Ksv is the slope of the linear fit
(Stern−Volmer constant) and σ is the standard deviation. The
linear regression equation for Cys for a concentration range of
0−40 μM is y = 89254x + 1.0576 (R2 = 0.9969), where y refers
to Io/I and x is the concentration of Cys. The LOD is
calculated to be 0.44 μM, indicating that the proposed probe
was highly sensitive to Cys. The corresponding LOQ was
estimated as 1.48 μM. Similar calculations gave LOD/LOQ
values as 0.65/2.15 μM and 0.87/2.92 μM for Hcy and GSH,
respectively.
It is well established by comparing the redox potential of the

valence band edge of CdSe QDs and of thiol that the radiative
recombination of exciton is hindered by a hole trapping
process.66 In a previous report, Hollingsworth and co-workers
showed that it is the “thiolate anion (RS-)” rather than “thiol
(RSH)” that comprises the active species in affecting the
optical properties of the QD in aqueous media.67 Seemingly, in
the present case also, we can expect small amounts of thiolate
anions in equilibrium with corresponding thiols, as the pKa
values of the analytes under consideration (8.3, 9.5, and 8 for
Cys, Hcy, and GSH, respectively) are close to the experimental
pH conditions (pH ∼ 7.3, PBS).68,69 From these factors, it is
clear that Cys, Hcy, and GSH interact with the CdSe core via
the thiolate moiety and quench the emission through a
photoinduced charge transfer process.
The feasibility of photoinduced electron transfer from the

thiol group to the QD valence band edge was assessed based
on donor and acceptor energy levels. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) levels of QD were measured by
cyclic voltammetry analysis (Figure S10). The band gap was
calculated using the following equations

= [ + ]E E 4.71 eVHOMO
ox

= [ + ]E E 4.71 eVLUMO
red

Using the above relationships, the HOMO and LUMO levels
of CdSe QDs were estimated as −5.85 and −3.95 eV,
respectively. From this, the band gap was calculated as 1.9 eV.
The position for the standard redox potential of thiol is located
at about −5.5 eV. It is clear that the hole formed in the
HOMO of excited QD can be scavenged by thiol, as the
HOMO energy level of the thiol lies between HOMO and
LUMO levels of the QD�an acceptor-excited photoinduced
electron transfer (PeT).70 Besides, many groups reported that
thiols would always quench the emission of CdSe, irrespective
of the diameter of the nanocrystals, because their redox levels
are located above the valence band edge of the QDs and
thereby trap photogenerated holes.71,72

Besides, the energy balance or the driving force of a
photoinduced electron transfer Gibbs free energy associated
with the possible PeT process was estimated using the Rehm−
Weller equation64

= + +G E D D E A A E C(eV) ( / ) ( / )ox red 00

where ΔG is the free energy change involved, Eox is the
oxidation potential of the electron donor (thiol group), Ered is
the reduction potential of the electron acceptor (QD), E00 is
the smallest band gap calculated from the absorption onset of
QD, and C is a constant that accounts for the energy release
due to the charge separation interaction of the charges with the
solvent. In the current work, C is considered to be zero as an
electrostatic complex exists between QD and thiols before the
excitation of QD and subsequent electron/hole transfer occurs.
In order to estimate ΔG, we have used the species-specific
microscopic standard redox potentials of cysteine, homocys-
teine, and glutathione. In all three cases, a negative free energy
resulted (−0.46 eV for Cys, −0.43 eV for Hcy, and −0.56 eV
for GSH; Table S11), confirming the thermodynamic
possibility of electron transfer from the thiol to the empty
HOMO of QDs.73

The role of the silica shell in realizing this process may be
visualized in a couple of ways; the analyte approaches the QD
core through the porous siloxane shell and binds to the surface
via the thiolate moiety, resulting in QD emission quenching. If
this was the mechanism, it should be guided by the steric factor
of analytes and will be reflected in the bimolecular quenching
constant. Although there is a considerable difference in the
hydrodynamic radii of analytes (compared to Cys, GSH is a
tripeptide), the Kq values of Cys, Hcy, and GSH are almost
comparable (Table S5). It clearly rules out the possibility of
analyte interaction with the QD core surface by diffusing
through the porous silica shell.
High-resolution transmission electron microscopy

(HRTEM) of silica-overcoated QDs (Figure S12) showed
the presence of a thin silica layer (∼1 nm) over the CdSe core.
So it may be anticipated that the silica shell formed may be
nonuniform, leaving small voids or pockets on the QD surface,
which facilitate the binding of the thiolate group directly onto
the CdSe core. To evaluate this assumption, CdSe QDs were
overcoated with a thick silica shell using tetraethyl orthosilicate
(TEOS) as a silica precursor and repeated emission quenching
studies under identical conditions. Thiol-containing analytes
showed little effect on the QD emission intensity, which is
ascribed to the poor QD core−analyte interaction due to high
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silica shell thickness (∼15 nm, Figure S12). Moreover, in the
case of CdSe QDs overcoated with very excess APS, emission
quenching was not observed by biothiols.
Further, we conducted a demonstration of the naked-eye

detection of biothiols in water using the silica-overcoated QDs,
and the photograph is shown in the inset of Figure 3. An

aqueous suspension of QD was placed on a glass slide and
illuminated using a hand-held UV lamp. The addition of a drop
of aqueous solution of Cys, Hcy, or GSH instantly quenched
the emission of QD, enabling a visual detection (a video link is
provided in the Supporting Information to watch the live
experiment). A similar strategy was extended for the visual
detection of biothiols in human blood serum. QDs were

diluted with PBS to a final concentration of 0.17 μM, and 10
μL of this solution was dispensed (labeled 1−6) on a glass
slide. 1 and 2 served as the control and blank (added PBS
alone) experiments, respectively. Serum samples (S1, S2, and
S3) were collected from three volunteers and diluted with PBS
buffer in the ratios 1:1000, 1:100, 1:10, and 1:2. Equal volumes
of these diluted samples were mixed with QDs (3−6,
increasing concentration order) on a glass slide.
QD emission after mixing serum samples of various

concentrations was monitored under UV light using a gel
documentation system (UVP, Cambridge, U.K.), and imaging
was done using a CCD camera. Photographs recorded under
UV illumination after the serum was mixed with QDs are
shown in Figure 4. In the case of S1, the emission of QD was
not affected by the addition of serum at any concentration
level. In contrast, S2 and S3 turned off the emission at higher
concentrations. The effect was significant at a dilution of 1:100
in the case of S3 compared to S2, where the same effect was
observed at a dilution of 1:10. These results indicate that S3
has a higher “free thiol” content compared to S2, while S1 is
free from “free thiols” or may be below the detection limit.
More clinical trials with a higher number of serum (and urine)
samples are currently under way to explore the viability of
commercialization.

■ CONCLUSIONS
In summary, a novel emission “turn-off” probe based on silica-
overcoated QDs for the visual detection of biothiols (cysteine,
homocysteine, and glutathione) was developed with detection
limits of 0.44, 0.65, and 0.87 μM for Cys, Hcy, and GSH,
respectively. The hole trapping by the thiol group resulted in
an instant and permanent quenching of the QD emission
under physiologically relevant conditions. The system was able
to discriminate substituted thiols (methionine and cysteine)
from free thiols. A pilot experiment for the visual detection of
serum thiols in human blood plasma was also demonstrated.
Analysis based on densitometry proved the potential of this
system as a new methodology in clinical chemistry or research
laboratories for blood and urine analysis. Further experiments

Figure 3. Relative luminescence intensity (Io/I) of silica-overcoated
QDs in PBS (pH 7.3) on adding analytes containing a thiol moiety (⧫

Cys, Hcy, and GSH). QD emission was instantly quenched in these
cases, in contrast to structurally similar analytes (• Met and Cyt).
Inset: Photographs illustrating the QD emission “turn-off” effect when
the thiol-containing analyte is added (QD drop-cast on a glass slide
and illuminated under a UV lamp).

Figure 4. (Left panel) Analysis of human blood serum samples (S1, S2, and S3) using silica-overcoated QDs. 1−6: QD drops (10 μL, 0.17 μM,
PBS) on a glass slide. 1 and 2 represent control and blank experiments, respectively. Serum concentration increases from 3 to 6 (diluted with PBS
on the order of 1:1000, 1:100, 1:10, and 1:2). In the cases of S2 and S3, the QD emission was turned off at higher serum concentrations (indicated
by circles). (Right panel) Graphs obtained from densitometry analysis of photographs corresponding to S2 and S3.
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are going on to develop a QD-based tailormade kit for the
quantitative and qualitative detection and discrimination of
biothiols in clinical laboratories.

■ MATERIALS AND METHODS
The electronic absorption spectra were recorded on a
Shimadzu Model UV-3101 or a 2401 PC UV−vis−NIR
scanning spectrophotometer, emission spectra were collected
using a SPEX-Fluorolog F112X spectrofluorimeter, photo-
luminescence lifetimes were measured using an IBH Pico-
second single photon counting system with excitation source
440 nm (pulse width <200 ps), and luminescence decay
profiles were deconvoluted using IBH data station software
V2.1. Fourier transform infrared (FTIR) spectroscopy studies
were performed using a Shimadzu IR Presige-21 FTIR
spectrometer. X-ray diffraction patterns were recorded using
a Philips X’Pert Pro, an X-ray diffractometer with Cu Kα
radiation (1.5406 Å), and spectra were analyzed using X’Pert
Highscore software. For HRTEM studies, a drop of nano-
particle solution was placed on a carbon-coated Cu grid and
the solvent was allowed to evaporate. Specimens were imaged
on an FEI Tecnai G2 S-TWIN 300 kV high-resolution
transmission electron microscope. Melting points were
determined on a Mel-Temp II melting point apparatus.
Blood serum analysis experiments were carried out using a
gel documentation system (UVP, Cambridge, U.K.) equipped
with a (black and white) CCD camera. Densitometry analysis
of the photographs was done using Visionworks LS analysis
software.
All of the spectroscopic studies were carried out at ambient

and identical conditions (unless specified), where the QD
concentration was in the micromolar (∼0.17 μM) range and
photoluminescence (PL) was collected by exciting at 450 nm
(OD ∼ 0.05) for all samples. Also, we have accounted for the
small dilution effect (<2%) by performing control experiments.
Experiments were performed using spectroscopic-grade sol-
vents, double-distilled/deionized water, and PBS (pH 7.3).
Reagents used were purchased from Aldrich, Merck, and Fluka
and used as such.

■ EXPERIMENTAL SECTION
Synthesis of TOPO-Capped CdSe QDs. A reaction

mixture containing cadmium oxide (0.134 g, 1.04 mM),
dodecylamine (7.6 g, 41.4 mM), trioctylphosphine oxide (5.4
g, 13.8 mM), and tetradecylphosphonic acid (0.80 g, 2.8 mM)
was heated to 300 °C until cadmium oxide dissolves
completely to produce an optically clear solution. Keeping
the temperature at 300 °C, an injection mixture containing
TOPSe (166 μL, 0.16 mM) and TOP (10.4 mL, 5 mM) was
introduced. After the desired crystal growth, the reaction was
arrested by reducing the reaction temperature to ambient
conditions, and the QDs thus obtained were purified by size-
selective precipitation using methanol, followed by centrifuga-
tion. QDs were characterized by spectroscopic and HRTEM
analyses and the average size of QDs was estimated as 7.1 nm.

Synthesis of Silica-Overcoated CdSe QDs. Cyclohexane
(20 mL) was added with a mixture of Igepal CO-520 (2.6 mL)
and CdSe QDs (800 μL) along with aminopropyl silane (APS)
(126 μL, 0.72 mM) and stirred vigorously for 30 min under an
inert atmosphere. Then, ammonia solution (300 μL, 33 wt %)
was added, and the stirring was continued for 24 h. The
silanized QDs were precipitated as globules, which were

further purified by washing with dry chloroform (8 mL) 5
times to remove unreacted components and then redissolved
in PBS (pH 7.3). Igepal CO-520 (2.6 mL) was dissolved in
cyclohexane (20 mL) by stirring under an inert atmosphere for
30 min.
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