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Abstract In this study, we have developed a novel nanoprobe
for H,O, based on the conjugation of CdTe@ZnS quantum
dots (QDs) to different metal tetraamino-phthalocyanine
(MTAPc): (M=(0OAc)Al, {OAc=acetate}, Ni and Zn).
Chemical coordination of the QDs to the MTAPc resulted in
the fluorescence “switch off” of the linked QDs which was
associated with Forster resonance energy transfer (FRET). In
the presence of varying concentration of H,O,, the fluores-
cence of the linked QDs was progressively “switched on” and
the FRET mechanism between the QDs and the MTAPc was
disrupted. The sensitivity/limit of detection of the nanoprobe
followed the order: QDs-ZnTAPc (2.2 uM)>QDs-NiTAPc
(4.4 uM)>QDs-AITAPc (9.8 uM) while the selectivity
followed the order: QDs-NiTAPc>QDs-AITAPc>QDs-
ZnTAPc. The varying degree of sensitivity/selectivity and
mechanism of detection is discussed in detail.

Keywords Quantum dots - Phthalocyanine - Hydrogen
peroxide - Resonance energy transfer

Introduction

Exploring the use of nanoassemblies, which incorporates the
use of semiconductor nanocrystal quantum dots (QDs) as
fluorescence probes, has drawn considerable attention over
the past decade [1-8]. The optical properties of QDs, makes
them unique nanomaterials for optical sensor technology.
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Also, the luminescence properties of QDs are determined by
physical or chemical interactions taking place at the surface.
Such interactions may lead to either fluorescence quenching
or enhancement [1, 9].

To date, different surface modification strategies have been
employed in stabilizing the luminescence state of QDs.
Macrocyclic compounds such as calixarenes [10], cyclodex-
trins [11] crown ether [12] and porphyrins [13] have been used
for stabilizing the QDs, and the resulting host-molecule com-
plexes employed for molecular recognition of ions and small
molecules.

In order to explore novel strategies for surface modification
of QDs for tailored sensor development with improved sensi-
tivity and selectivity, we report here on the conjugation of
thiol-capped CdTe@ZnS QDs to another class of macrocylic
compound known as phthalocyanines (Pcs). Pcs and their
metallophthalocyanine derivatives (MPcs) are two-
dimensional 18 7-electron aromatic porphyrin synthetic ana-
logues [14]. They have attracted a lot of interest in recent years
not only for their applications as dye and pigments, but also as
chemical sensors [15]. They are also known to be non-toxic.
Amino substituted Pcs have been chemically linked to QDs
and the Forster resonance energy transfer (FRET) behaviour
studied [16-20]. Electrochemical behaviour of QDs linked to
nickel phthalocyanines has also been studied [21]. To date,
nothing is known about the coupling of MPc to QDs for
optical sensing. To this end, we have developed a novel
strategy for the surface modification of QDs by covalent
linking of (OAc)Al (OAc=acetate), Ni and Zn tetraamino-
phthalocyanine (TAPc) to 3-mercaptopropionic acid (MPA)-
capped CdTe@ZnS QDs and investigated the nanoconjugate
for its ability to selectively detect hydrogen peroxide (H,O5,)
in aqueous solution as a test molecule.
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H,0, is a reactive oxygen specie (ROS) and a by-product
of many metabolic reactions. There is a need to detect H,O,
because excessive production beyond the physiological range
often leads to oxidative stress. Among the different central
metals used in this work, only AITAPc has been reported for
fluorescence sensing of H,O,, but in the absence of QDs [22,
23]. The efficiency of sensing of H,O, using QDs linked to
(OAC)AITAPc is compared to that of NiTAPc and ZnTAPc. It
is possible that the coupling of MTAPc to the QDs can
influence the efficacy of sensitivity and selectivity of the
nanoprobe towards H,O,. The mechanism of detection is
studied based on the fluorescence “off/on” mode.

Experimental
Materials

1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC),
N-hydroxysuccinimide (NHS), L-glutathione, L-cysteine,
cysteamine, CdCl,.2.5.H,0, t-butyl hydroperoxide
(TBHP), sodium borohydride, thioglycolic acid (TGA) and
3-mercaptopropionic acid (MPA) were obtained from
Sigma-Aldrich. Absolute ethanol, Na,HPOy,,
(NH),Fe(S0,4),.7H,0, KCl, HCI, H,0O,, NaCl, NaNO,,
NaNOs;, zinc powder, KOH and dimethylformamide
(DMF) were obtained from SAARCHEM. NaClO4.H,0
and urea was obtained from BDH chemicals. All solutions
were prepared with ultra pure water obtained from a Milli-Q
Water System (Millipore Corp. Bedford, MA, USA). All
measurements for the detection of H,O, were carried out in
physiological condition using 50 mM PBS pH 7.4. The pH
of the buffer solution was adjusted by addition of 1.0 M
NaOH or HCIl. Metal-free (H,)TAPc, (OAc)AITAPc,
NiTAPc and ZnTAPc were synthesized according to previ-
ously reported procedures for other TAPc [24].

Scheme 1 Schematic
representation showing the
preparation of QDs and QDs-
MTAPc nanoconjugate

S o
ZnCl,

Instrumentation

Excitation and emission spectra were recorded on a Varian
Eclipse spectrofluorimeter. Ground state electronic absorption
spectra were recorded on a Shimadzu UV—vis 2550 spectro-
photometer. X-ray powder diffraction patterns were recorded
using a Cu ko radiation (A=1.5405 A, nickel filter), on a
Bruker D8 Discover equipped with a proportional counter. A
Metrohm Swiss 827 pH meter was used for pH measurements.
FT-IR spectra were obtained on a Perkin-Elmer spectrum 100
with universal attenuated total reflectance (ATR) sampling
accessory. Transmission electron microscopy (TEM) images
were obtained using a Zeiss Libra TEM 120 model operated at
90 kV. Gaussian 03 program using an Intel/Linux cluster was
used for density functional theorem (DFT) calculations [25].
Fluorescence lifetime measurements were carried out using a
time-correlated single photon 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 and wavelength of 480 nm).

Synthesis of MPA-CdTe@ZnS QDs (Scheme 1)

CdTe@ZnS QDs capped with MPA was prepared from core
TGA-capped CdTe QDs by following the methods de-
scribed in literature with slight modifications [26, 27].
Firstly, TGA-capped CdTe QD was synthesized following
literature procedures [26]. The mole ratio of Cd:Te:TGA
used was 1:2.3:3.0. After 30 min of core CdTe growth, a
40 ml aqueous solution (pH=8) containing MPA (4 mmol)
and ZnCl, (2 mmol, 0.27 g) was added into the core QDs
solutions to obtain MPA-CdTe@ZnS QDs. MPA was used
as both the capping ligand and sulphur source for the growth
of the core-shell QDs. Using this procedure, it is expected
that the MPA ligand is exchanged with TGA in the core-
shell solution [28]. The solution was heated to 100 °C with

o
Ligand Exchange, MPA
—————

NH2 NHz

NHS, 24 h
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Fig. 1 Fluorescence (solid line) and absorption (dashed line) spectra
of QDs before conjugation. Solvent: 50 mM PBS pH 7.4, Aexc=490 nm

time to control the sizes of the core-shell QDs. Aliquots of
each reaction mixture were taken at different time intervals
for emission and absorption measurements. The core-shell
QDs (MPA-CdTe@ZnS) were precipitated out with ethanol,
centrifuged, dried under vacuum and kept in the dark for
further use.

Conjugation of QDs to MTAPc (Scheme 1)

The strategy employed in this work was based on standard
procedure described previously in literature for coupling
MPcs to QDs via an amide bond [20, 21] but with some
slight modification. Briefly, to a solution of 10 mg MPA-
CdTe@ZnS in 50 mM PBS pH 7.4 was added 0.1 M EDC
(in water) to activate the carboxylate group of the QDs. The
mixture was then stirred for 30 min at room temperature,
after which a mixture of 0.1 M NHS (in water) and 2x
10 M of H,TAPc, (OAc)AITAPc, NiTAPc or ZnTAPc in
DMEF:PBS pH 7.4 (3:2, v/v) was added and the stirring
continued for 24 h. The resulting linked QDs-MTAPc com-
plexes were precipitated out from solution by the addition of
ethanol and centrifuged repeatedly to remove free QDs and

Table 1 Fluorescence quantum yields, FRET efficiency, quenching
rate constant (K,), and sensitivity values (K) for the QDs-MTAPc
nanoprobe. Solvent: 50 mM PBS pH 7.4

Nanoconjugates a@;"('guDg)m Ey KM KM

QDs-AITAPc 0.26 0.35 1.50x10° 3.72%10’
QDs-NiTAPc 0.10 0.69 7.24x10° 8.25x10’
QDs-ZnTAPc 0.09 0.71 221%x10° 1.67x108

hexe=490 nm and ®p(QDs)=0.46
® Data determined from QDs mixed with MTAPc and not chemically linked

e TGA-CdTe e MPA-CdTe@ZnS

Lin counts

15 25 35 45 55
20

Fig. 2 Powder XRD spectra of TGA-CdTe and MPA-CdTe@ZnS QDs

also washed repeatedly with DMF to remove free MPc. The
QDs-MPc colloid is not soluble in the two solvents. The
obtained QDs-MPc complexes were soluble in PBS buffer
as a colloidal solution.

Procedures for the Optical Recognition of H,O,

Firstly, H>O, solution was prepared by serial dilution of
commercial 30 % stock solution. Separately, the QDs-
MTAPc nanoconjugates were dissolved in 50 mM PBS
pH 7.4 and ultrasonicated for 15 min to disperse the colloidal
solution. Various concentrations of H,O, were added to the
QD-MTAPs solution. All the steps for fluorescence measure-
ments with the ROS were performed sequentially. The interval
between the measurements was 15 min in order to obtain a
stable fluorescence signal for each concentration of H,O,. All
measurements were recorded at room temperature.

Result and Discussion
Characterization of MPA-CdTe@ZnS QDs

The synthesis of MPA-CdTe@ZnS is depicted in Scheme 1. It
is important to note that ZnS was used to passivate the surface
of the core CdTe with the main aim of improving the optical
propetties of the core-shell QDs. Core-shell QDs are less toxic
than core QDs [29]. Our group has reported that core-shell
QDs show improved luminescence sensitivity and selectivity
towards ROS than core QDs [30, 31]. Figure 1 shows the
fluorescence emission and absorption spectra of the as-
synthesized MPA-CdTe@ZnS QDs measured in 50 mM PBS
pH 7.4. The QDs exhibit broad absorption and well-resolved
emission spectra as expected. The emission and absorption
maximum wavelength values for the QDs used in this work
are: 590 nm and 514 nm, respectively, in 50 mM PBS pH 7.4.

The fluorescence quantum yield (®r) of the QDs before
conjugation was measured using the procedure reported in
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Fig. 3 TEM images of a
CdTe@ZnS QDs, b QDs-
AITAPc, ¢ QDs-NiTAPc and d
QDs-ZnTAPc

literature [32], Eq. 1,

F-Agy - n?
7
Fsq-A-ng,

(1)

O = Op(sa)

where A and Agy are the absorbances of the sample and
standard at the excitation wavelength, respectively. F and
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Fig. 4 FT-IR spectra of a (OAc)AITAPc, b CdTe@ZnS QDs and ¢
CdTe@ZnS-AlTAPc (used as a representative)

@ Springer

Fsq 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 6G in ethanol (®r=0.95 [32]) was used as the
standard. The ®p value was 0.46 for MPA-CdTe@ZnS,
Table 1.

Shown in Fig. 2, are the powder XRD patterns of core
CdTe and core-shell CdTe@ZnS. The diffraction pattern in
Fig. 2 corresponds to planes at 110, 220 and 311, and
displays three characteristic peaks for bulk CdTe having a
zinc blend crystal structure and cubic ZnS structure for
CdTe@ZnS QDs as previously reported in literature [33].
It can be seen from Fig. 2 that the 20 values for TGA-CdTe
QDs were at 26.6, 43.8 and 52.2° and those for MPA-
CdTe@ZnS QDs were at 28.6, 47.4 and 56.2° respectively.
It is commonly known that XRD peaks for the core QDs
have lower 20 values compared to core-shell QDs [34, 35].
The higher 20 values of the CdTe@ZnS compared to CdTe
QDs suggest that we have successfully formed the core-shell
QDs. The size of the QDs was estimated using XRD,
according to the Scherrer Eq. (2) [36].

a(k) = 5o @)

where X is the wavelength of the X-ray source (1.5405 A), k is
an empirical constant equal to 0.9, {3 is the full width at half
maximum of the diffraction peak and 0 is the angular position.
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The size obtained from XRD estimation is 3.0 nm for MPA-
CdTe@ZnS.

Characterization of CdTe@ZnS QDs-MTAPc

It is possible that more than one MTAPc binds to one QDs.
In fact, it has been determined that two ZnTAPc molecules
bind to core QDs [19].

TEM Analysis

TEM was used to qualitatively study the morphology of the
colloidal QDs before and after conjugation to the MTAPc
(M=H,, (OAc)Al, Zn and Ni) and also to determine the
average size distribution of the QDs. The metal free H,TAPc
is not discussed in detail, since it did not show sensitivity
towards hydrogen peroxide as discussed later in this work.
Figure 3a shows that the CdTe@ZnS QDs alone are not
aggregated but monodispersed and displayed individual
particles with size ~3 nm. This size is similar to that
obtained using XRD above. TEM images for the QDs-
AITAPc, QDs-NiTAPc and QDs-ZnTAPc are presented in
Fig. 3b—d. It was observed that the QDs-AITAPc and QDs-
NiTAPc complexes displayed aggregation. For QDs-
ZnTAPc, the shape of the complex is close to spherical but
also relatively aggregated as with the rest of the complexes.

FT-IR and UV—-Vis Spectral Characterization

Amide bonds were formed by linking the QDs to the MTAPcs
and FT-IR was employed to confirm the formation of such
bond. Figure 4 shows the FT-IR spectra of (OAc)AITAPc,
QDs and QDs-AITAPc. (OAc)AITAPc is used as a represen-
tative for the rest of the MTAPc since the spectra were similar
to each other. For (OAc)AITAPc alone, the partially split band
around 3,201-3,333 cm ' originates from the symmetric and
asymmetric N—H stretching mode of the primary amine group
and this is supported by the presence of the corresponding N—
H bending mode at 1,607 cm ™' [24]. Also, the C—H bending
and stretching modes are found at 824 and 2,919 cm ™' respec-
tively. For the QDs, the symmetric and asymmetric COO™
stretching band were observed at 1,395 and 1,554 cm . The
corresponding —OH band is found at 3,326 cm™ " and the C-H
bending and stretching mode are found at 847 and 2,916 cm ™.
For the QDs-AlTAPc spectrum, the formation of bands
corresponding to 1,635 cm ' (primary amide I) and
1,538 cm ' (secondary amide II) are observed as a strong
indication for the successful conjugation of the QDs-
MTAPc [37, 38].

The ground-state electronic absorption spectra of the
MTAPcs and QDs-MTAPc are overlayed in Fig. 5Sa—d. It is
evident that the Q band position of these MTAPcs:
(OAC)AITAPc (741 nm), NiTAPc (727 nm), ZnTAPc

@ Springer
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(721 nm) and H,TAPc (732 nm) are all red shifted in DMF:
PBS solvent mixture compared to unsubstituted derivatives
of 670 nm (ZnPc). The red shifting is typical of MTAPc, due
to the electron donating nature of the NH, substituents [24].
The solvent mixture of DMF:PBS (3:2) was employed for
MTAPc complexes in order to ensure the presence of aque-
ous environment used for the conjugate. The MTAPc com-
plexes are not soluble in aqueous media. For the QDs-
MTAPc complexes (Fig 5a—d) measured in 50 mM PBS
pH 7.4 buffer, the absorption spectra show a significant
change from the MTAPc alone. The absorption spectra of
the linked MTAPcs are broadened and in some cases, addi-
tional blue shifted bands are observed. Both the broadening
and blue shifted bands are associated with aggregation. It is
important to note that the spectra of the conjugates were
obtained from the colloidal suspension which would also
result in aggregation.

Fluorescence Quenching

It is well known that the fluorescence of QDs is due to the
recombination of electron—hole pair upon excitation, and
suppression of the radiative recombination process results
in fluorescence quenching [3]. Quenching of QDs emission
by Pc is expected through Forster resonance energy transfer
(FRET) [3, 39]. For FRET to occur, there has to be an
overlap between the emission spectrum of the donor (QDs)
and the absorption spectrum of the acceptor (MTAPc) as
observed in Fig. 6a. In the absence of the QDs, there was a
very weak fluorescence for (OAc)AITAPc (Fig. 6b) and

@ Springer

ZnTAPc (Fig. 6¢) complexes on excitation at 490 nm. This
indicates that the stimulated emission of the AITAPc
(Fig. 6b) and ZnTAPc (Fig. 6¢) that emerged in the conju-
gate is due to the induced non-radiative energy transfer from
the QDs to the MTAPcs. NiTAPc is non-fluorescent due to
the open-shell nature of the central metal. However FRET
efficiency was determined from the photoluminescence de-
crease of the donor for NiTAPc. For ZnTAPc and AITAPc,
both stimulated emission and decrease in CdTe@ZnS

180 9 l‘s
—_ ml.Z
2120 4 e
- - ¢
& ? Amarepan
g 60 1
=
|

0 - . .
300 400 500 600 700
Wavelength (nm)

Fig. 7 Fluorescence quenching spectra of the QDs in the presence of
increasing concentration of AITAPc. [AITAPc]=0-4.15x10"° M.
Inset: corresponding Stern-Volmer plot. Ag =490 nm
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emission were used to quantify FRET efficiency. For com-
parative purposes, the values for NiTAPc conjugates as
reported in this work are for decrease in donor emission.
FRET efficiency values determined below are an estimate
since there are a wide variety of factors [40, 41] which
influences the decrease in QDs emission in addition to
FRET.

The FRET efficiencies (Eff) were calculated from the
quantum yield data using Eq. 3:

conjugate

F(OD
Eff =1 _@(L) (3)
F(OD)

where ®rop) represents the fluorescence quantum yield of

the QDs alone and @;U('g”'Dg)ate is fluorescence quantum yield of

the conjugates.
geomugae yalues were calculated according to Eq. 4:

F(OD)
] Fconjugate
q-scon]ugute ) oD 4
F(0D) Fop) —p (4)

where ®pop) was used as the standard, Fp"*" is the
fluorescence intensity of the QDs in the conjugated form
(QDs-MTAPc) and Fyp, is the fluorescence intensity of the
QD alone. There is substantial decrease in the ®g values of
the QDs in the conjugates (Table 1), when compared with
the value for the QDs alone, due to FRET. The values listed

in Table 1 showed that ZnTAPc gave the highest Eff value.
The Eff values are largest where fluorescence quantum
yields are lowest as expected. In addition to the concept of
FRET, it is noteworthy that the covalent binding of the MPc
on the QDs exerts strains on the ligand shell which thus
creates new trap states on the QDs surface, leading to
decrease in the fluorescence emission [42].

Fluorescence quenching studies were performed to deter-
mine the quenching ability of MTAPc on QDs using a
mixture of the two as solutions (without a chemical bond).
Figure 7 shows the fluorescence emission changes of the
QDs in the presence of increasing concentrations of the
(OAC)AITAPc (shown as a representative). It was observed
that the fluorescence of the QDs was progressively quenched
in the presence of the MTAPcs and as shown in the inset of
Fig. 7, a linear plot was observed confirming that Stern-

Table 2 Comparison of the LOD of the proposed nanosensor with
some published data for H,O, detection using the QDs-MTAPc
nanoprobe. Solvent: 50 mM PBS pH 7.4

QDs Probe LOD References
QD-AITAPc 9.8 nM This work
QD¢-NiTAPc 4.4 nM This work
QDs-ZnTAPc 2.2 nM This work
CdSe@ZnS-Horseradish 284 nM [47]
MUA-CdSe@ZnS 0.1 mM [46]
CdTe-Hemoglobin 2,230 nM [49]
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Scheme 2 Schematic
representation showing the
detection mechanism for H,O,
using the QDs-MTAPc
nanoprobe

Fluorescence
" Switched OFF"

Volmer behaviour was obeyed [43]. There was no shift in the
emission spectra of the QDs on interaction with the MTAPc,
which implies that the later cannot alter the size and size
distribution of the QDs but can only decrease the fluorescence
intensity through FRET. The corresponding Stern-Volmer rate
constant (K,) are listed in Table 1 for all the MTAPc com-
plexes. K, is largest for QDs-NiTAPc but lowest for QDs-
AITAPc, which had the lowest Eff.

Hydrogen Peroxide Detection Using CdTe@ZnS-MTAPc
Fluorescence “Switch On” for the Detection of H>0,

As discussed above, the covalent binding of the QDs to
MTAPc complexes resulted in the fluorescence “switch off”
(quenching) of the QDs in the conjugate due to FRET. We
explore the possibility of the fluorescence of the linked QDs
being “switched on” on interaction with H,O,. The presence
of different MTAPc covalently linked to the QDs could have a

8000 4

6000

QDs-AlTAPc
4000 4

Intensity (counts)

QDs-AITAP¢-H O,
2000 1 -

Residuals
o
1

T T 1
0 50 100 150 200

Time (ns)

Fig. 9 Overlay of the fluorescence decay curves of QD,-AITAPc (as a
representative) in the absence and presence of 1.6 107 M H,0,

@ Springer

Fluorescence
" Switched ON"

M = OAcAl, Ni and Zn

significant influence on the sensitivity of the nanoprobe.
Hence, a comparative investigation using, H,TAPc,
(OAC)AITAPc, NiTAPc and ZnTAPc were carried out. Upon
addition of H,O, to QDs-AITAPc (Fig. 8a), QDs-NiTAPc
(Fig. 8b) and QDs-ZnTAPc (Fig. 8c) nanoprobe, the fluores-
cence of the linked QDs was progressively recovered with the
successive increase in H,O, concentration. However, for the
QDs-H,TAPc (Fig. 8d), there was no significant fluorescence
enhancement in the presence of varying concentration of
H,0,. This implies that HO, does not influence the emission
of QDs-H,TAPc and thus gives a strong indication that the
presence of the central metal attached to the MPc, plays a
major role in determining the fluorescence property of the
QDs-MTAPc on interaction with targeted species. Also, it is
generally known that the presence of different central metals
ions influences the chemistry of Pcs [44], hence, the varying
degree of interactions. It is worth noting that the QDs alone
could not detect H,O, with a stable fluorescence signal at the
same concentration (of H>O,) used for the QDs-MTAPc com-
plexes. Hence, H,O, can only be detected at a much higher

Table 3 Fluorescence lifetimes for a triexponential fit of QDs (alone)
and QDs-MTAPc nanoprobe in the absence and presence of H,O, in
50 mM PBS buffer, pH 7.4

Samples H,O0,[M] 7, (ns)? 1, (ns)* 13 (ns)*
+0.1 +0.1 +0.02
QDs 0 42.6(0.56)  13.8(0.39)  2.6(0.05)
1.6x10°  42.600.57)  13.8(0.27)  2.5(0.06)
QDs-AITAPc 0 247(0.57)  83(027)  1.6(0.06)
16x10°  46.1(0.61) 89(027)  2.0(0.02)
QDs-NiTAPc 0 31.2(046)  7.9(036)  1.6(0.08)
16x10°  46.9(0.48)  152(0.45)  3.0(0.07)
QDs-ZnTAPc 0 31.2(0.54)  6.5(038)  0.8(0.08)
1.6x10°  42.7(0.59)  13.5(0.36)  2.2(0.05)

?Relative abundances in brackets
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Fig. 10 Effects of different biologically active species on the fluores-
cence of QDs-MTAPc system. [H,O,]=4.0x 10~° M. Other species=
8x1077 M. Control=QDs-MTAPc in the presence of H,O,

concentration (plot not shown) by quenching (not enhance-
ment reported here) the fluorescence of the QDs alone as
compared to lower concentrations detected by the QDs-
MTAPc. Hence, the QDs-MTAPc nanoprobe shows higher
sensitivity.

It has been reported that the spacing between the QDs and
the quencher (and the concentration of the latter) control the
emission enhancement in QDs. Long spaces result in enhance-
ment and short spaces in quenching [45]. We propose that
MTAPc acts as a spacer between the QDs and H,O, such that
the latter results in enhancement of fluorescence rather than
quenching in accordance with literature reports [45].

In order to evaluate the fluorescence enhancement sensitivity
of the probe, the fluorescence intensities of the QDs-MTAPc in
the absence (Fy) and presence (F) of H,O, was investigated
using Eq. 5 [46].

Fio =1+ K[H,0,] (5)

Please note that Eq. 5 relates to F/F( (due to enhancement
of fluorescence) instead of Fy/F usually employed for

quenching of fluorescence. As displayed in the insets of
Fig. 8a—c, plots of F/F, against H,O, concentrations were
linear. Using the value of K in the regression equation as a
measure of degree of sensitivity of the nanoprobe, the sen-
sitivity followed the order: QDs-ZnTAPc>QDs-NiTAPc>
QDs-AITAPc (Table 1). The limit of detection (LOD) was
evaluated using the equation LOD=3 /K, where ¢ is the
standard deviation of blank measurement (n=10) and K is
the slope of the calibration graph. Quantitative analysis of
this method showed a good LOD for H,O, (Table 2) and
followed the order of sensitivity of the nanoprobe. To the
best of our knowledge, there are no reports on H,O, detec-
tion using QDs-macrocyclic complexes. Hence, we com-
pared our LOD values with other QDs based probe for
H,0, [47-49] and results showed our system offered an
improvement in the LOD (Table 2).

Proposed Mechanism for the Detection of H,O, (Scheme 2)

We propose that the working principle of the QDs-
MTAPc could be elucidated based on the changes in the
emission spectra of the linked QDs and time-resolved fluo-
rescence measurements. It is noteworthy that a number of QD-
based fluorescent probes have been designed based on the
switching “off/on” principle, in which the QDs displays a
low/no fluorescence in the unbound state and a recovery of
the fluorescence after reaction with (or binding) with an
analyte [46, 50-53].

Time resolved fluorescence measurements were carried out.
Figure 9 shows the fluorescence decay curve of (OAc)AITAPc
(used as an example) in the absence and presence of a fixed
concentration of H,O,. As shown in Table 3, the tri-exponential
decay lifetimes of the QDs-MTAPc complexes were substan-
tially increased when H,O, was added. When the same equiv-
alent concentration of H,O, was added to the QDs alone, no
change in the fluorescence lifetime of the QDs was observed
(Table 3).

Table 4 Percentage fluores-

QDs-AITAPc (%FT)

QDs-NiTAPc (%FI) QDs-ZnTAPc (%FI)

cence intensity (%FI) change of Species

co-existing biological active

species on the detection of 4.0 Cysteamine +3.6

10~° M H,0, by the proposed HCIO, -0.3

QDs—MTAPc .nanopr.obe.' Con- GSH +4.0

centration of interfering ions=

8.0x10"7 M. Solvent: 50 mM UREA —0.1

PBS pH 7.4 NO,~ -33
NO;~ +1.9
L-cysteine +1.4
OH- -3.7
TBHP =5.1
o3 -23
ONOO™ +1.9

+2.2 +1.8
—2.1 —-10.9
—0.8 -9.2
—0.6 2.4
-2.6 -2.0
—2.1 -5.0
-2.0 —5.1
—4.8 -8.2
-1.3 -11.9
-1.4 -9.4
+1.6 +4.8
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Based on the data discussed above, the reaction mechanism
can be generalised by means of an “off/on” fluorescence
principle (Scheme 2) in which the QDs transfers its energy
to MTAPc. This then led to a radiationless deactivation of the
excited state of the QDs, and the fluorescence is quenched.
Upon addition of H,O,, the FRET process is interrupted and
the fluorescence of the QDs is switched on.

Additionally, since H,O, is a known oxidant, it is also
possible that oxidation by MTAPc-H,0, complex switched
on the fluorescence of the QDs [54]. Soh et al. [54], have
previously shown that oxidation by H,O, switches on the
fluorescence of 7-hydroxy-2-oxo-N-(2-(diphenylphosphino)
ethyl)-2 H-chromene-3-carboxamide.

Selectivity of the QDs-MTAPc Nanosensor Towards H>O,

It is ideal for an efficient fluorescent probe to combine both
sensitivity and selectivity for its efficacy. Hence, we inves-
tigated (by comparison) the selectivity of the proposed QDs-
MTAPc nanosensor towards H,O,. It is also noteworthy that
since the QDs-MTAPc nanosensor showed excellent sensitivity
towards H,O, with varying degree, it is possible that the
selectivity of the proposed nanosensor may differ for each
QDs-MTAPc conjugate. Therefore, the fluorescence intensity
change of a fixed concentration of QDs-MTAPc was studied in
the presence of 200-fold excess of co-existing biological active
species such as: cysteamine (cys), HCIO,, glutathione (GSH),
urea, NO; , NO5, L-cysteine (L-cys), hydroxyl radical (OHe),
TBHP, superoxide anion (O3 ) and peroxynitrite (ONOO ). A
tolerance error of +5 % in fluorescence intensity (FI) change
was taken into consideration. As shown in Fig. 10 (Table 4), the
fluorescence response of all co-existing species to the proposed
nanosensor varied, depending on the nature of the nanoprobe.
Generally, it can be seen from Fig. 10 (Table 4) that even
though QDs-ZnTAPc showed excellent sensitivity towards
H,0, as previously discussed, it suffered from severe interfer-
ences from species like, HC1IO4, GSH, OHe, TBHP and O5".
Hence, this probe is not very selective towards H,O,. For QDs-
AITAPc, the fluorescence of all co-existing species was rather
slight except for TBHP but for QDs-NiTAPc, the effects of all
co-existing species were negligible and thus make QDs-
NiTAPc the most selective nanoprobe for H,O,. Therefore,
the order of selectivity of the nanoprobe is: QDs-NiTAPc>
QDs-AITAPc>QDs-ZnTAPc. It is also worth noting that the
order of selectivity of the nanoprobe did not follow the same
trend with the sensitivity. We have shown in previous reports
(by comparative study) [30] that the order of sensitivity of a
probe towards ROS may not follow similar trends with its
selectivity because steric effects and oxidative shielding
of the probe may differ in the presence of co-existing
species. DFT calculations showed that there is more electron
density on the ring for NiTAPc (0.208), followed by AITAPc
(0.206) and ZnTAPc (0.188). The trend in electron density of

@ Springer

the MTAPc was the same with the selectivity trend of the
nanoprobe. This may suggest that steric effect and shielding
from oxidative attack was more for QDs-NiTAPc than for the
other nanoprobe. Since a mutual balance between sensitivity
and selectivity need to be achieved for an efficient probe,
QDs-NiTAPc shows to be the most effective nanoprobe for
HzOz.

Conclusions

We have demonstrated in this work that metal phthalocynanine
containing amino substituent can be covalently linked to QDs
to form a QDs-MTAPc nanoconjugate which can be applied
as a luminescence nanosensor for ROS detection with varying
degree of sensitivity and selectivity. The nanoconjugates of
QDs-AITAPc, QDs-NiTAPc and QDs-ZnTAPc were charac-
terized by time-resolved fluorescence measurements, TEM,
FT-IR and electronic spectroscopy. Experimental results
showed that interaction between the QDs and MTAPc oc-
curred through FRET which in turn “switched off” the fluo-
rescence of the QDs. In the presence of varying
concentrations of H,O,, the fluorescence of the QDs was
“switched on” and the degree of sensitivity/LOD followed
the order: QDs-ZnTAPc>QDs-NiTAPc>QDs-AlTAPc. The
selectivity of the proposed nanosensor followed the order:
QDs-NiTAPc>QDs-AITAPc>QDs-ZnTAPc. We believe this
technique will harness a new generation of highly lumines-
cence QDs-MPc nanosensors.
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