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Abstract Four types of water-soluble luminescent quantum
dots (QDs) whose surface was functionlaized with thiogly-
colic acid (TGA), 3-mercaptopropionic acid (MPA), or glu-
tathione (GSH), were investigated for the sensitive and
selective detection of hydroxyl radical (*OH) in aqueous
media. It was found that the type of capping agent and QD
influenced the sensitivity of the probe. The order of sensitivity
of the probe was: GSH-CdTe@ZnS > MPA-CdTe@ZnS >
TGA-CdTe > MPA-CdTe QDs. Under the optimum condi-
tions, a limit of detection as low as 8.5x10° M was
obtained using GSH-CdTe@ZnS. The effects of foreign
reactive oxygen species and the Fenton reactants and
products as possible interferences on the proposed probe
were negligible for CdTe@ZnS QDs. Besides, experimen-
tal results indicated that CdTe@ZnS QDs were more
attractive for the selective recognition of *OH than CdTe
QDs. The mechanistic reaction pathway between the QDs
and °*OH is proposed.

Keywords Hydroxyl radical - Quantum dots -
Mercaptopropionic acid - Thioglycolic acid - Glutathione

Introduction

Reactive oxygen species (ROS) such as peroxynitrite anion
(ONOO"), hydrogen peroxide (H,O,) and hydroxyl radical
(*OH) are primarily known as by-products of normal metab-
olism and have been extensively studied within the biolog-
ical, medical and chemical fields [1-6]. *OH plays an
important role in biosystems due to its strong oxidative
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power and high reactivity and it is thought to induce lipid
peroxidation and DNA damages which are related to various
diseases such as ageing [7, 8].

Several techniques such as electron spin resonance (ESR)
[9], chemiluminescence [10] and oxygen consumption [11]
have been employed to detect *OH. However, due to the
ability of *OH to react with other products [12], these
methods are not very sensitive and suitable enough to
acquire quantitative information on *OH. A number of
fluorescence measurements using organic fluorescent
probes have also been employed for the detection of *OH
[7, 13], due to high sensitivity over other techniques. Some
commonly known fluorescence probes for the detection of
°OH are: dichlorofluorescin (DCFH) [14], 3’-(p-amino-
phenyl) fluorescein (APF) [15] and 3'-(p-hydroxyphenyl)
fluorescein (HPF) [16]. The most widely used fluorescence
probes may react with a range of ROS if a general measure-
ment of oxidative stress is required, but they lack specificity
if an individual ROS is sought [17]. Due to this limitation,
we have developed an assay for the detection of hydroxyl
radical in aqueous solution using quantum dots (QDs) as
fluorophore probe.

The use of QDs for the development of sensors has
proven to be one of the fastest growing fields of nano-
technology due to their high fluorescence quantum yields
(®f), narrow emission and broad absorption spectra [18,
19]. To date, several sensors have been developed using
QDs [20-24]. However, the utilization of QDs using
fluorescence technique as a sensitive and selective probe
for the detection of ROS has been less explored. For
example, Wu and co-workers have reported the use of
QDs in the discrimination of Fe*" and Fe** by generating
®OH via the Fenton hybrid system [25], while a chemilu-
minescence system based on QDs and sensitive to *OH
have been reported [26, 27]. However, the lack of infor-
mation on the detection limits and selectivity for *OH is
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the major drawback for the published QD-based probe.
Therefore, it is important to develop a suitable QDs-based
probe for *OH with unique sensitivity and selectivity by
studying the interaction between different surface func-
tionality of QDs with *OH.

Thus, it is expected that surface modification of QDs
with organic ligands and the coating of the core with a
higher bandgap material such as ZnS can be an effective
tool for influencing their chemical, optical and photoca-
talytic properties which can lead to an improvement of the
photostability of QDs, enhancement of their sensitivity
and selectivity. In this paper, we have developed a sensor
for *OH and investigated the effect of different thiol-
cappings of CdTe and CdTe@ZnS QDs on the sensitivity
and selectivity of the proposed probe for the first time.
The combination of steady-state and time resolved fluo-
rescent measurements were used to unravel the interaction
between QDs and *OH.

Experimental
Materials

Reduced L-glutathione (GSH), thioglycolic acid (TGA),
3-mercaptopropionic acid (MPA), CdCl,.2.5.H,0, tellu-
rium shots, H,O,, t-butyl hydroperoxide (TBHP) and
sodium borohydride were obtained from Sigma-Aldrich.
Methanol, ethanol, ZnCl, Na,S, FeCl;, (NH),Fe
(S0),.6H,0, ethylenediaminetetraacetic acid (EDTA), L-
ascorbic acid and tris (hydroxyl methyl) amino methane
were obtained from SAARCHEM. NaClO4.H,O was
obtained from BDH chemicals. All chemicals were of
analytical grade and used without prior purification. All
solutions were prepared with ultra pure water obtained
from a Milli-Q Water System (Millipore Corp. Bedford,
MA, USA). Tris-HCI buffer (50 mM) was employed for
all studies and the pH was adjusted by addition of 1.0 M
NaOH or HCI. The synthesis of TGA-CdTe, MPA-CdTe,
MPA-CdTe@ZnS and GSH-CdTe@ZnS QDs were as
reported in literature [28-32].

Instrumentation

Excitation and emission spectra were recorded on a Varian
Eclipse spectrofluorimeter. The excitation wavelength
(400 nm) and slit widths (5 nm) were kept constant for
all the experiments. Ground state electronic absorption
spectra were recorded on a Shimadzu ultra-violet visible
(UV/vis) 2550 spectrophotometer. X-ray powder diffrac-
tion (XRD) patterns were recorded using a Cu ko« radiation
(A=1.5405 A, nickel filter), on a Bruker D8 Discover
equipped with a proportional counter. Scanning was at
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1° min~" with a filter time-constant of 2.5 s per step and
a slit width of 6.0 nm, while data were obtained in the
range from 20=5° to 60°. A zero background silicon wafer
slide was used for sample placement. XRD data analysis
was carried out using Eva (evaluation curve fitting) soft-
ware. Subtraction of spline fitted to the curved background
was used for baseline correction of each diffraction pattern
and the full-width at half maximum values was obtained
from the fitted curve. A Metrohm Swiss 827 pH meter was
used for pH measurements. Fluorescence lifetime measure-
ments were carried out using a time correlated single pho-
ton counting (TCSPC) setup (FluoTime 200, Picoquant
GmbH). The excitation source was a diode laser (LDH-P-
C-485 with 10 MHz repetition rate, 88 ps pulse width).
Fluorescence was detected under the magic angle with a
peltier cooled photomultiplier tube (PMT) (PMA-C 192-N-
M, Picoquant) and integrated electronics (PicoHarp 300E,
Picoquant GmbH). A monochromator with a spectral width
of about 4 nm was used to select the required emission
wavelength band. A scattering Ludox solution (DuPont)
was used to measure the response function of the system
and had a full width at half maximum (FWHM) of about
280 ps. To obtain good statistics, the ratio of stop to start
pulses was kept low (below 0.05). Measurement of the
entire luminescence decay curve (range 0 to 100 ns) was
at the maximum of the emission peak. Data analysis was
done using the program Fluofit (Picoquant GmbH). Esti-
mation of the decay times was carried out using the support
plane approach.

General Procedure for *“OH Detection

°OH radicals were generated from Fe?"-EDTA/H,0,/ascor-
bic acid Fenton hybrid system that mimics the production of
*OH for biological foot-printing of proteins [33] and were
immediately added to a fluorescence cell containing colloi-
dal solution of QDs in Tris-HCI buffer (50 mM) pH 7.4
(total volume=3 ml). The solution was stirred vigorously for
few seconds and the fluorescence measurement was taken
afterward.

Results and Discussion
Optical Properties of QDs

Figure 1A and B, presents typical absorption and fluores-
cence spectra of different thiol-capped CdTe and
CdTe@ZnS QDs in 50 mM Tris-HCL, pH 7.4. The CdTe
and CdTe@ZnS QDs exhibit broad absorption and well-
resolved emission spectra. In this work, TGA-CdTe, MPA-
CdTe@ZnS, MPA-CdTe, and GSH-CdTe@ZnS QDs with
emission peaks at 549, 557, 564, and 600 nm (Fig. 1B) were
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Fig. 1 UV/vis absorption (A) and fluorescence emission spectra (B) of
different sized QDs. TGA-CdTe (Aeni=549 nm), MPA-CdTe@ZnS
(Aemi=557 nm), MPA-CdTe (Aepi=564 nm) and GSH-CdTe@ZnS
(Aemi=600 nm). Solvent: 50 mM Tris-HCL buffer, pH 7.4

employed for comparative studies as a means for developing
an optimum QDs-based probe. Their corresponding fluores-
cence quantum yields (Pr) were determined according to
the procedure reported in literature [34], Eq. 1:

FAStd -I’l2
2
Fsa-A-ng,

Pr = Dr(sia) (1)
where 4 and Agy are the absorbances of the sample and
standard at the excitation wavelength, respectively. F and
Fgyq are the areas under the fluorescence curves of the QDs
and the standard respectively and »n and ngyq are the refrac-
tive indices of the solvent used for the sample and standard.
Rhodamine 6 G in ethanol ($£=0.95 [35]) was used as the
standard. The values of ®r were found to be 0.80, 0.47, 0.72
and 0.39 for TGA-CdTe, MPA-CdTe, MPA-CdTe@ZnS and
GSH-CdTe@ZnS, respectively, Table 1.

Structural Properties of QDs

X-ray powder diffraction can provide useful information
about the crystal structure and sizes of colloidal nano-
crystal QDs. Figure 2 shows the X-ray diffraction patterns
of TGA-CdTe and GSH-CdTe@ZnS QDs as a representa-
tion for the rest of the QDs. A typical zinc blend crystal
structure [20] with planes at 111, 220, and 311 were
obtained for CdTe QDs with peaks at 26.8°, 44.0° and
52.1°. The peaks for CdTe@ZnS QDs were at 28.6°,
47.6° and 56.2°. Following the growth of ZnS shell on
the core CdTe, the peak position shifted to higher angles
and thus confirms the formation of CdTe@ZnS coreshell
QDs. The size of the QDs was determined using XRD,
according to the Scherrer Eq. 2 [36].

k.
A(A) = jors @)

)\ is the wavelength of the X-ray source (1.5405 A), k is an
empirical constant equal to 0.9, (§ is the full width at half
maximum of the diffraction peak, and 6 is the angular posi-
tion. The sizes of QDs obtained from XRD calculation were
TGA-CdTe (2.3 nm), MPA-CdTe (2.7 nm), GSH-CdTe@ZnS
(3.0 nm) and MPA-CdTe@ZnS (3.1 nm).

Effect of pH and Buffer on the Detection Condition for *OH

GSH-CdTe@ZnS QDs was chosen as a representative for
all the QDs to optimize the *OH detection conditions.
Different buffers such as, phosphate buffered saline (PBS),
acetate buffer, phosphate buffer, citric acid-NaOH, tris-
ethylenediaminetetraacetic acid (Tris-EDTA) and Tris-HCI
were examined (all at pH 7.4) and our results showed that
Tris-HCL (50 mM) was best suited because it resulted in the
largest quenching of the QDs fluorescence on addition of *OH.
Thus Tris-HCl was selected for further experiments (Fig. 3
inset). Also, it is known that pH could have a drastic influence
on the fluorescence intensity of QDs, which could affect both

Table 1 Quenching rate constant (Ksv) and limit of detection (LOD)
for different QDs used for the detection of *OH. QDs sizes and
fluorescence quantum yields (®r) are also included. Solvent: 50 mM
Tris-HCL pH 7.4

QDs QDs  Ksv LOD RSD g
size (M) (uM)
(nm)
TGA-CdTe 2.3 2.0x10°  97x10°% 2.5 0.80
MPA-CdTe 2.7 15x10°  25x107 3.1 0.47
MPA-CdTe@ZnS 3.1 2.1x10%  9.5x107° 2.3 0.72
GSH-CdTe@ZnS 3.0 24x10°  85x107° 1.8 0.39

RSD = relative standard deviation
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Fig. 2 Powder XRD spectra of A
the TGA-CdTe (A) and GSH-
CdTe@ZnS QDs (B)

d = 3.287

Lin (Counts)

the sensitivity and selectivity of target analytes [18], while the
capping agent is also known to be protonated at the surface of
the QDs in acidic pH. As a result, the effect of pH on the
fluorescence intensity of aqueous QDs-"OH system was inves-
tigated at different pH values. Figure 3 shows that there was
more quenching of fluorescence of the QDs by *OH in the pH
range 6.8 to 7.8. Therefore, pH 7.4, 50 mM Tris-HCL buffer
was selected for further experiments.

Sensitivity of *OH on the Fluorescence Response
of the QDs

Under the optimum conditions, it was found that *OH
quenched the fluorescence of CdTe and CdTe@ZnS QDs
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Fig. 3 Effect of pH on the fluorescence intensity of aqueous colloidal
3.0 nm GSH-CdTe@ZnS QDs in the absence and presence of *OH
(Caps: 6.7%1077 M, Coop: 2.5x1077 M s, solvent: 50 mM Tris-HCI
buffer). Inset: Effect of different buffers on the fluorescence intensity.
Fy and F are the fluorescence intensity of aqueous CdTe@ZnS QDs
without and with *OH)

@ Springer

d = 3.123

2-Theta - Scale

600 -

500 1

400 4

300 7

Intensity (a.u.)

200 7

100 A

300 400 500 600 700
Wavelength (nm)

250 1
200 1
150 1

100 -

Intensity (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Fig. 4 Effects of addition of different concentrations of *OH on the
fluorescence of 2.3 nm TGA-CdTe QDs (A) and 3.0 nm GSH-
CdTe@ZnS QDs (B). (Ceon: () 0, (b) 1.0x1077, (c) 2.5%1077, (d)
4.0x1077, (e) 5.5x1077, () 7.0x10"7 and (g) 8.5x10 " M s '. Inset:
corresponding Stern-Volmer plots. Solvent: 50 mM Tris-HCL buffer
pH 7.4
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(Fig. 4) in a concentration-dependent manner that was best
described by the linear Stern-Volmer relationship, Eq. 3:

% =1+ Ks[*OH] (3)

where K, is the Stern-Volmer quenching rate constant, which
is related to the quenching efficiency and was evaluated from
Fig. 4 (inset). Based on the rate constant of 8x 10° M 's ™' [37],
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Fig. 5 A Effect of ROS on the fluorescence of CdTe and CdTe@ZnS
QDs B Effect of co-existing ROS and C Fenton reactants and products
as tested interferences on the detection of *OH by the proposed QDs-
based fluorescent probe. (Coz.e: 200 uM, Conoo-: 300 pM, Chao2,
Creum Chcros: 50 UM, Caa, Cress, Creats Cepra: 100 pM Cpyo:
0.85 uM s~ '). Ascorbic acid is abbreviated as AA. Solvent: 50 mM
Tris-HCL buffer pH 7.4

which has been reported for Fe*’/EDTA Fenton’s reaction, the
concentration of *OH was calculated to be 1x107,2.5x10 7,
4.0x107,55%1077,7.0x10"7 and 8.5x10"7 M respectively,
in the presence of 4.2x1077, 1.0x107°, 1.7x107°, 2.3x10°°,
2.9%x10° and 3.5%x10°°® M Fe*’EDTA and 3x 10> M H,0,,
according to a method described by Maki et al. [7].
GSH-CdTe@ZnS QDs exhibited the best sensitivity for
the detection of *OH while MPA-CdTe QDs showed the
least sensitivity (comparing the K, values, Table 1). How-
ever, from our method, the coreshell CdTe@ZnS QDs were
more sensitive and are best suited for the detection of *OH
than the core CdTe QDs, when comparing MPA-CdTe QDs
and MPA-CdTe@ZnS QD containing the same capping
agent. It was noticed that the nature of the capping agent
of the QDs influenced the sensitivity of the probe (Table 1).
For example, GSH capping on CdTe@ZnS has a slightly
larger Ky value than when MPA is employed for the same
core-shell QDs even though the sizes of these QDs differ
only by 0.1 nm. Also, the coating of a secondary layer with
a wider bandgap semiconductor such as ZnS, passivates the
surface of the QDs and can effectively enhance the non-
radiative recombination pathway in the presence of a
quencher leading to an increase in the quenching efficiency
and stability of the nanocrsytal [38], hence MPA-
CdTe@ZnS QDs show a larger Kgy value than MPA-CdTe
QDs. The effect of thiol capping (with GSH being better
than MPA for coreshell CdTe@ZnS) may be related to the
reports that GSH provides better surface passivation for
QDs than other thiol ligands [39]. The results suggest that
the differing degree of sensitivity of the core and coreshell
QDs to *OH may depend on multiple factors. Capping
agent, QD size, oxidative, photolytic and mechanical stabil-
ity are individual and collective factors that can influence
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Fig. 6 Fluorescence decay curves of CdTe and CdTe@ZnS QDs in the
presence of 1.0x1077 M s~! *OH. Solvent: 50 mM Tris-HCL pH 7.4
buffer
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Table 2 Comparison of the

best-fit fluorescence lifetime QDs [*OH] (WM s ™) 7 (ns)* 0.1 T (ns)* £0.07 73 (ns)* £0.03
values for a triexponential fit of
TGA-CdTe, MPA-CdTe, MPA- TGA-CdTe 0 24.0(0.79) 7.3(0.19) 0.9(0.02)
CdTe@ZnS and GSH- 0.1 22.8(0.80) 7.00.18) 0.8(0.02)
CdTe@ZnS QDs in the absence  y1py gy 0 29.0(0.83) 7.0(0.15) 0.8(0.02)
and presence of an equivalent of
*OH in 50 mM Tris-HCL buffer. 0.1 28.0(0.83) 6.4(0.15) 0.5(0.02)
pH 7.4 MPA-CdTe@ZnS 0 33.8(0.68) 12.0(0.30) 1.4(0.02)
0.1 31.2(0.72) 10.0(0.25) 0.9(0.03)
GSH-CdTe@Zn$S 0 60.6(0.89) 16.0(0.09) 1.5(0.02)
0.1 58.1(0.90) 13.3(0.08) 1.3(0.02)

“Relative abundances in brackets

the sensitivity of the QDs to *OH, hence the difference in
sensitivity of core and coreshell QDs to *OH.

The limit of detection (LOD) was evaluated according to
the equation LOD=3 /K, where 4 is the standard deviation of
blank measurement (n=10) and K is the slope of the calibra-
tion graph. The LOD correlated favourably with the sensitivity
of the probe and the best value of 8.5 10 M was obtained
for GSH-CdTe@ZnS QDs with a correlation coefficient of
0.997. The precision from six replicate measurements of
2.5x1077 M *OH was evaluated and the best reproducibility
of 1.8 % was obtained for GSH-CdTe@ZnS QDs (Table 1).

Selectivity

A high selectivity for the detection of *OH is needed for
fluorescent probes. H,O,, ONOO™ and *OH have been
reported to quench the fluorescence of QDs [25, 40, 41]
As a result, we have evaluated the effect of different
ROS on the fluorescence response of CdTe and
CdTe@ZnS QDs and the results showed that the fluo-
rescence of CdTe and CdTe@ZnS QDs was sensitive to
ONOO" and H,0, but was more significantly quenched
by *OH (Fig. 5A). A tolerable error of £5.0 % in the
relative fluorescence intensity was taken into considera-
tion. The effect of co-existing ROS on the fluorescence
of CdTe and CdTe@ZnS QDs were studied by mixing an
equivalent concentration of *OH and an excess of inter-
fering species. As shown in Fig. 5B, the result showed
there was no significant effect on the fluorescence

Scheme 1 The detection
mechanism induced by ET from
QDs to *OH

Exc
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response of CdTe@ZnS QDs for the detection of *OH.
However, for TGA-CdTe and MPA-CdTe QDs, a consid-
erable decrease in fluorescence response was observed in
the presence of ONOO™ and H,O, indicating that ONOO”
and H,O, interfered with the probe for CdTe QDs. This
makes the CdTe@ZnS QDs more attractive for the selec-
tive recognition of *OH than CdTe QDs. Therefore, it
clearly shows there were negligible interferences by the
tested species for CdTe@ZnS QDs, and thus demonstrat-
ing that this probe has relatively high selectivity and can
detect *OH. In addition, the presence of the Fenton
reagents had no effect on the detection of *OH (Fig. 5C).

Possible Reaction Mechanism

In order to elucidate the mechanism for *OH detection, we
carried out fluorescence lifetime measurements on CdTe and
CdTe@ZnS QDs respectively. Deviations from linearity of
Stern-Volmer plot are attributed to a combination of static
and dynamic quenching. It has also been reported that fitting
the lower part of the Stern-Volmer plot gives a linear relation-
ship for the quenching of CdSe QDs by nitroxide radicals
[42], which may exclude static quenching. Fluorescence life-
times are often employed to differentiate between dynamic
and static quenching. Figure 6 shows the decay curve of CdTe
and CdTe@ZnS QDs in the presence of *OH. As shown in
Table 2, the fluorescence lifetime evaluated from the triexpo-
nential decay curve of CdTe and CdTe@ZnS QDs decreased
on addition *OH. For dynamic quenching; the fluorescence

Exc
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lifetimes vary with the quencher concentration while in the
case of static quenching; the lifetimes are independent of
quencher concentration [43]. The fact that there is a change
in the lifetime with the concentration of hydroxy radical
indicates that the interaction is mainly dynamic, possibly
involving electron transfer (ET) processes, (Scheme 1). ET
from the conduction band of GSH-capped CdTe QDs to *OH
(to form hydroxyl ion) has previously been proposed [25]. We
assume that since the presence of the Fenton reactants and
products do not interfere with the fluorescence of QDs-HO®
probe, (as shown in Fig. 5C) then *OH is mainly responsible
for the quenching of the fluorescence of CdTe and
CdTe@ZnS QDs due to its strong electron accepting ability
(Scheme 1).

Conclusion

A new QDs probe has been proposed for the sensitive and
selective determination of *OH in aqueous media by compa-
rative studies between different thiol-capped CdTe and
CdTe@ZnS QDs. The results showed that the type of capping
agent and QDs influenced the sensitivity and selectivity of the
probe with GSH-CdTe@ZnS giving the best sensitivity. The
mechanisms of fluorescence quenching of the QDs is mainly
due to electron transfer from the conduction band of the QDs
to the unoccupied band of *OH. Moreover, the proposed
probe offered a LOD as low as 8.5x10°® M using GSH-
CdTe@ZnS QDs. Interferences from foreign ROS and the
Fenton reactants and products were negligible for CdTe@ZnS
QDs but CdTe QDs were not very selective towards *OH.
Therefore, this system provides a new protocol for the sensi-
tive recognition of *OH and offer additional advantages such
as specificity, reproducibility, cost-effectiveness and can be
adopted for the analysis of *OH in biological samples.
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