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Abstract This work presents the development of a multifunc-
tional hybrid nanoparticle made of | _glutathione capped quan-
tum dots (GSH-CdSe@ZnS), amino functionalized Fe;0,
magnetic nanoparticles and indium octacarboxy phthalocya-
nine (ClInPc(COOH)g). In this work we investigate the
photophysical properties of the individual components and
the hybrid nanoparticle, in addition we study the energy trans-
fer (Forster Resonance Energy Transfer (FRET)) in the com-
plex. FRET efficiencies of ~48 % were obtained for energy
transfer between the QDs (when alone or linked to MNPs).
Both triplet yields and lifetimes of ClInPc(COOH)g increase in
the nanocomposite, with a decrease in fluorescence lifetime.
The hybrid nanoparticle showed improved photophysical
properties and as a result can be used in photodynamic therapy.

Keywords Indium octacarboxyphthalocyanine - Quantum
dots - Magnetite nanoparticles - Forster resonance energy
transfer - Triplet quantum yields

Introduction

In recent years, there has been an increase in research on
incorporating diagnostic and therapeutic functions into a sin-
gle nanoscale system for more effective and improved treat-
ment. Nanoparticles have potential as they are able to achieve
dual functions if more than one type of nanostructure can be
incorporated into a nano-assembly, which Sailor and Park [1]
referred to as a “hybrid nanoparticle”. The hybrid nanoparticle
is made up of two or more nanoparticles assembled in a
functional structure that itself is in nanoscale dimensions [2,
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3]. The idea behind the development of hybrid nanoparticles is
developing nanosystems that have biomedical properties
which are superior to the individual components of the
nanosystem.

In this work we develop a hybrid nanoparticle that has
potential applications in photodynamic therapy (PDT). The
hybrid nanoparticle is made up of | glutathione capped quantum
dots (GSH-CdSe@ZnS), amino functionalized Fe;04 magnetic
nanoparticles (AMNPs) and indium octacarboxyphthalocyanine
(ClInPc(COOH)g). Quantum dots are of interest because they
have a broad absorption and narrow emission spectra, size- and
composition-tunable emission wavelength. In addition the fluo-
rescence of the QDs can be seen with the naked eye [4-6]. On
the other hand, amino functionalized magnetic nanoparticles
improve the contrast of magnetic resonance images (MRI), this
allows the tumour to be identified non-invasively [7-9]. The
final component, a photosensitizer (ClInPc(COOH)g), can accu-
mulate in tumour cells, and upon irradiation with light at a
certain wavelength, will result in selective destruction of the
tumour cells (through PDT) by generation of cytotoxic singlet
oxygen species ('0,) [10-13].

In this work we first conjugate the GSH-CdSe@ZnS to the
AMNPs, then we coat the resulting nanoconjugate with silica.
Coating the nanoconjugate with silica preserves optical prop-
erties. In addition, silica acts as a potential drug carrier due to
the large surface area, tunable size and porosity, chemical
stability and biocompatibility [14, 15]. It has been shown that
magnetic or fluorescent imaging molecules can be easily
coated with silica using well-developed silane and silanol
chemistries [16-20]. Quantum dots or magnetic particles
coated with a layer of silica have been reported in literature
before [21-25]. After coating the GSH-CdSe@ZnS—AMNPs
complex with silica, a covalent bond was formed between the
resulting complex and the ClInPc(COOH)g, Scheme 1. This
was formed by linking the carboxyl of the ClInPc(COOH)g
and the amino group on the surface of the silica. The choice to

@ Springer



200

J Fluoresc (2015) 25:199-210

Scheme 1 The individual a
components of the hybrid

nanoparticle are shown above

with their corresponding pictorial
representation, a = amino

functionalized Fe;0,4 magnetic

———O0—— Si T"NH,

O —__

nanoparticles, b GSH- o) /
CdSe@ZnS QDs and ¢ the
schematic representation of the
covalent linkage of the
ClInPc(COOH); (Pc) to the silica
coated QDs-MNPs
b
ZnS
!
O
H —
HOOC N N \/COOH
H
NH, (e}
C

covalently link the ClInPc(COOH)y instead of entrapping into
silica matrix, is because it was reported that drugs can be
prematurely released from drug carriers in PDT applications
[26]. Hence in recent studies the formation of amide bond
between Pcs and silica nanoparticles has been favoured [27,
28]. Apart from our recent report where a composite
consisting of MNPs, CdTe QDS and (OH)AIPc(COOH)g or
ZnPc(COOH)g in the absence of silica nanoparticles [29] was
reported, there have been no reports on these types of nano-
composites. We compare the photophysical properties of the
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three in one nanoconjugate with the separate Pc-QDs and Pc-
MNPs (Scheme 2).

Experimental

Materials

Dimethylformamide (DMF) was purchased from Merck. N-
hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N'-
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Scheme 2 Schematic
representation of the covalent
linkage GSH-CdSe@ZnS
quantum dots A and MNPs
B to ClInPc(COOH)g
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ethylcarbodiimide hydrochloride (EDC), 3-
aminopropyltriethoxysilane (APTES), pyromellitic
dianhydride, indium chloride, Triton-X 100, n-hexanol, cy-
clohexane, tetraethylorthosilicate (TEOS) and NH,OH and 1,
8-diazabicycloundec-7-ene (DBU) were purchased from Sig-
ma Aldrich. Aqueous solutions were prepared using Millipore
water from Milli-Q Water Systems (Millipore Corp, Bedford,
MA, USA). Dimethylsulfoxide (DMSOQO) was obtained from
SAARCHEM.

Phosphate buffer saline (PBS) of pH 7.4 were prepared
using appropriate amounts of Na,HPO, KH,PO, and respec-
tive chloride salts. AIPcSmix (containing a mixture of
sulfonated derivatives and used as a standard) was synthesized
according to literature methods [30]. GSH-CdSe@ZnS quan-
tum dots were synthesized according to literature methods
[31]. The amino functionalized iron oxide (Fe;0,4) magnetic
nanoparticles were synthesized as described before [32].
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Equipment

Ultraviolet—visible (UV—-Vis) spectra were recorded using
Shimadzu UV—Vis 2550 spectrophotometer. The emission
spectra were recorded on a Varian Cary Eclipse fluores-
cence spectrophotometer. Infrared spectra were recorded on
Perkin Elmer 100 ART FT-IR spectrometer. Fluorescence
lifetimes were measured using correlated single photon
counting setup (TCSPC) (PicoQuant FluoTime 200). For
QDs fluorescence, the excitation source was a diode laser
(LDH-P-C-485 with 10 MHz repetition rate, 88 ps pulse
width). For ClInPc(COOH)g alone or in conjugation, the
excitation source was a diode laser (LDH-P-670 driven by
PDL 800-B, 670 nm, 20 MHz repetition rate, 44 ps pulse
width, Picoquant GmbH). All luminescence decay curves
were measured at the maximum of the emission peak and
lifetimes were obtained by deconvolution of the decay
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curves using the FluorFit Software program (PicoQuant
GmbH, Germany).

Mass spectra data were collected with a BrukerAutoFLEX
II Smartbeam TOF/TOF Mass spectrometer. The instrument
was operated in positive ion mode using a m/z range of 400—
3000 amu as described before [33]. The spectra were acquired
using alpha-cyano-4-hydroxycinnamic acid as the MALDI
matrix, using a 354 nm nitrogen laser.

A laser flash photolysis system was used for the determi-
nation of triplet decay kinetics. The excitation pulses were
produced by a tunable laser system consisting of an Nd:YAG
laser (355 nm, 135 mJ/4—6 ns) pumping an optical parametric
oscillator (OPO, 30 mJ/3-5 ns) with a wavelength range of
420-2300 nm (NT-342B, Ekspla).

The kinetic curves were averaged over 256 laser pulses.
Triplet lifetimes were determined by exponential fitting of the
kinetic curves using OriginPro 8 software. Transmission elec-
tron microscopy (TEM) images were obtained using ZESISS
LIBRA® 120 transmission electron microscope which
operates at 90 kV. X-ray powder diffraction (XRD) patterns
were recorded on a Bruker D8, Discover equipped with a
proportional counter using Cu-K radiation (=1.5405 A, nickel
filter). Details have been provided before [33]. Using XRD
data, the sizes of QDs were determined using the Debye-
Scherrer equation (Eq. 1) [34].

0.9\
d =
Bcost

(1)

where d is the mean diameter of a quantum dot in nanometers
(nm), A the wavelength of the X-ray source (1.5405 A), 3 the
full width at half maximum of the diffraction peak and 6, the
angular position of the peak.

Synthesis

Covalent Linking of GSH-CdSe@ZnS QDs to Fe;0,
Magnetic Nanoparticles

GSH-CdSe@ZnS QDs (10 mg) were dissolved 5 ml of PBS
pH 7.4. EDC (0.23 g, 1.2 mmol) and NHS (0.115 g, 1 mmol)
were added and the solution stirred for 3 h. The Fe;04 mag-
netic nanoparticles (5 mg), dissolved in 10 ml of PBS pH 7.4,
were added to the activated QDs. The mixture was stirred for
12 h at room temperature under N, gas flow. The product was
precipitated and washed with ethanol, and centrifuged to
remove excess reactants. A magnet was employed to remove
un-reacted QDs. The conjugate is represented as QDs-MNPs.

Coating the QDs-MNPs Conjugate with Silica (Scheme 1)

The QDs-MNPs conjugate was coated with silica using
methods that have been described in literature [35]. Briefly,
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a mixture of 1.77 ml of Triton-X 100, 1.8 ml of n-hexanol,
7.5 ml of cyclohexane, 0.48 ml of QDs-MNPs solution (5 mg
in 5 ml of PBS pH 7.4), 0.1 ml of TEOS and 6 ml of NH,OH
was stirred for 24 h. After this time, 20 ml of acetone was
added followed by centrifuging and washing with ethanol.
The resulting conjugate is represented as silica coated QDs-
MNPs.

Synthesis of CllInPc(COOH)g

ClInPc(COOH)g was synthesized according to the methods
reported for other octacarboxyphthalocyanines [36, 37] as
follows: a mixture of benzene-1, 2, 4, 5-
tetracarboxylicdianhydride (pyromelliticdianhydride, 2.50 g,
11.5 mmol), urea (13.0 g, 0.22 mol), InCl; (23.5 mmol,
5.19 g) and DBU (0.1 g, 0.7 mmol) was heated to 250 °C in
a flask until the reaction mixture was fused. The product was
washed with water, acetone and 6 M hydrochloric acid. After
drying, the product was hydrolyzed in 20 % H,SO, for 72 h.
The product was further purified as explained in literature [36,
37].

Yield: (47 %) IR (KBR, cm '): 3432 (OH) 1716 (C=0)
1381, 1273, 1184 (C—O). "HNMR (400 MHz, D20): 7.82 ppm
(s, 8H, Pc-H) 11.56 PPM (s, 8H carboxylic H). UV—Vis
(0.1 M NaoH): Imaxnm (log e), 691 (5.1), 351 (5.5) MS
(m/z): Calculated 1014 g/mol Found: 1010 (M+4H). Calcu-
lated for C4oH;601¢NgInCl: C 47.34, H 1.58, N 11.04; Found
C47.57,H3.70, N 12.47.

Covalent Linking of ClInPc(COOH)g to Silica Coated
ODs-MNPs (Scheme 1)

ClInPc(COOH)g was covalently linked to silica coated QDs-
MNPs as follows: ClInPc(COOH)g (10 mg) was dissolved in
10 ml dilute NaOH, then 2 ml of 1.2 mM EDC was added to
activate the carboxylic group (—COOH) of the Pc. The mix-
ture was allowed to stir for 48 h at room temperature under
argon atmosphere. After this time, a mixture containing 2 ml
of 1 mM NHS and silica coated QDs-MNPs (0.003 g) was
added to the activated Pc and the mixture was stirred for 12 h
to allow conjugation of the Pc to the silica coated QDs-MNPs
forming Pc-silica coated QDs-MNPs (represented as
ClInP¢(COOH)g-QDs-MNPs).

Experiments were also performed where QDs or MNPs
were individually linked to ClInPc(COOH)g. ClinP¢(COOH)g
was covalently linked to GSH-CdSe@ZnS as follows
(Scheme 2a): ClInP¢(COOH)g (10 mg, 9.9%10°° mol) was
dissolved in 10 ml dilute NaOH, then 2 ml of 1.2 mM EDC
was added to activate the carboxylic group (~COOH) of the
Pc. The mixture was allowed to stir for 48 h at room temper-
ature under argon atmosphere. After this time, a mixture
containing 2 ml of 1 mM NHS and GSH-CdSe@ZnS
(0.003 g) was added to the activated Pc, followed by stirring
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for 12 h to allow conjugation of the Pc to the QDs to take
place. The conjugate is represented as ClInPc(COOH)g-QDs.

For Pc-MNPs conjugate (Scheme 2b): ClinPc(COOH)g
(15 mg, 1.5x10> mol) was dissolved 5 ml of PBS pH 7.4.
EDC (0.23 g, 1.2 mmol) and NHS (0.115 g, 1 mmol) were
added and the solution stirred for 3 h. Then Fe;04 magnetic
nanoparticles (5 mg, dissolved in 10 ml of PBS pH 7.4), were
added to the activated ClInPc(COOH)g. The mixture was
stirred for 12 h at room temperature under N, gas flow. The
product was precipitated and washed with ethanol, and cen-
trifuged to remove excess reactants. A magnet was employed
to remove unreacted Pc. The conjugate is represented as
ClInPc(COOH)g-MNPs.

Photophysical and Photochemical Parameters
Fluorescence Quantum Yields

The fluorescence quantum yields (®r) were calculated by
comparison to a standard using the (Eq. 2) [38]

F Ay n*
2
Fyq.A.nky

Dr = P rsia) (2)

where F and Fq4 are the areas under the fluorescence curves
for sample and the standard, respectively. A and Agyq are the
absorbances of the sample and reference at the excitation
wavelength respectively, while n and nyy are the refractive
indices of solvents in which the sample and the reference were
dissolved, respectively. Rhodamine 6G standard, dissolved in
ethanol, ®=0.95 [39], was employed as a standard for the
determination of ®r value for QDs. The excitation was at
480 nm for QDs when alone or in the conjugate. For the
ClInPc(COOH)g, AlPcSmix standard in aqueous media,
®r=0.44 [40] was employed. Excitation was at 665 nm. At
this wavelength, there is some minimum absorption from the
QDs, which may also be excited. Thus, the values will be used
as estimated for the Pc in the presence of QDs. The fluores-
cence quantum yield values of the QDs after conjugation to
ClInPc(COOH)g (P#515") were obtained using Eq. 3.

onjugat
@L’onjugate — & FCQDDnjuéue (3)
F(OD) F(0D) —FQD

where @rop) is the fluorescence quantum yield of the QDs
alone and used as standard, F“Qogf”g”te is the fluorescence
intensity of the QDs in the conjugate with ClInPc(COOH)g
when the excitation wavelength of the QDs (480 nm), Fop, is
the fluorescence intensity of the QD alone at the same excita-

tion wavelength.

Triplet Quantum Yields

Triplet quantum yield values were determined using a com-
parative method based on triplet decay, using Eq. 4 [41].

Sample _Std
Sample Std AA>P =
(bT = q)T Std _Sampl. (4)
AASgSanple
Sample Std

where At and Ar" are the changes in the triplet state
absorbance of the sample (ClInPc(COOH)g or
ClInPc(COOH)g-QDs-MNPs) and the standard, respectively.
e5mPle and €3 are the triplet state extinction coefficients for
the sample (ClInPc(COOH)g or ClInPc(COOH)g-QDs-
MNPs) and standard, respectively. ®}'¢ is the triplet state
quantum yield for the standard, ®39=0.44 for AlPcSmix

[40] in aqueous media.
FRET Parameters

FRET efficiency (Eff) can be determined from the fluores-
cence quantum yields of the donor in the absence (@rop)) and
presence (D55) of the acceptor using Eq. 5 [39]:

conjugate

. F(QD)
Eff =1-—92) 5
P r(op) ®

FRET efficiency (Eff) is related to r (A) by Eq. 6 [39]

R

Eff =
Rg+r6

(6)

where r represents the centre-to-centre separation distance (in
A) between the donor and the acceptor, Ry (the Forster distance,
A) is the critical distance between the donor and the acceptor
molecules at which the efficiency of energy transfer is 50 % and
depends on the quantum yield of the donor Eq. 7 [39]:

R§ = 8.8 x 107 k20 *® p(gpy)J (7)

where k is the dipole orientation factor, n is the refractive
index of the medium, ®rpy) is the fluorescence quantum
yield of the donor and J is Forster overlap integral, given by
Eq. 8

J= / 1 (ops) N empe (A)A*OA (8)

where fop) is the normalized QD emission spectrum. &,p.
and A are respectively, the molar extinction coefficient and the
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wavelength at the Q band maxima for ClInPc(COOH)g_ It is
assumed that k% is 2/3. This assumption is normally made for
donor—acceptor pairs in a liquid medium, which are consid-
ered to be isotropically oriented during their lifetime. FRET
parameters were computed using the program
PhotochemCAD [42].

Results and Discussion
Characterization of ClInPc(COOH)g

The synthesis of ClInPc(COOH)g was achieved using report-
ed methods for other MPc(COOH)g [36]. Satisfactory UV—
vis, IR and NMR spectroscopic as well as elemental analyses
were obtained for the complex. The ground state electronic
absorption spectra of ClInPc(COOH)g in 0.1 M NaOH,
Fig. 1A(a) shows the characteristic monomeric absorption in
the Q band region at 691 nm. The monomeric behavior is
evidenced by a single narrow Q band typical of metallated
phthalocyanine complexes. The emission spectrum (Q band
maximum=701 nm), Fig. 1A(c) was mirror image of the
excitation spectrum (Q band maximum=691 nm) and the
latter was similar to the absorption spectrum (Q band maxi-
mum=691 nm).

Characterization of the Nanocomposites
UV-Vis Spectra

GSH-CdSe@ZnS QDs were synthesized via previously
described methods [31]. Figure 2A shows an overlay of
the absorption and emission spectra of the GSH-
CdSe@ZnS quantum dots. A broad absorption peak
which extends to the near infrared region and a narrow
well defined emission are typical for quantum dots,
Fig. 2A [43]. The emission and absorption maximum
wavelength values for the QDs used in this work are
610 and 586 nm respectively. The fluorescence quantum
yield of the QDs was determined to be 0.48 (Table 1),
using Eq. 2.

Figure 2B shows the UV-Vis spectra of the (a) amino
functionalized Fe;O4 magnetic nanoparticles, (b) GSH-
CdSe@ZnS QDs and (c) the silica coated QDs-MNPs conju-
gate. The amino functionalized Fe;O4 magnetic nanoparticles
show a broad absorption at 385 nm which is typical of mag-
netic nanoparticles. Upon conjugating the two (QDs and
MNPs) an enhanced absorption is noted in the regions where
the two absorb.

Figure 1b compares the ground state absorption spectra of
ClInPc(COOH)g and ClInPc(COOH)g-QDs-MNPs. Upon
conjugation there is slight shift in the Q-band maxima from
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Fig. 1 A (a) Absorbance, (b) excitation and (¢) emission spectra of
ClInPc(COOH)g. B Ground state absorption spectra of (a)
ClInPc(COOH)g and (b) ClInPc(COOH)g-silica coated QDs-MNPs
complex

691 nm for ClInPc(COOH)g to 693 nm for ClInPc(COOH )g-
QDs-MNPs. There is also an enhanced absorption below
600 nm region due to the absorption of QDs and MNPs. This
indicates successful linkage of the CllnPc(COOH)g to the
silica coated QDs-MNPs complex. There were also no signif-
icant spectral changes for CllnPc(COOH)g in the presence of
QDs or MNPs alone, Table 1, apart from the absorption of the
latter two (figure not shown).

TEM Images

Figure 3a shows the TEM image of the GSH-CdSe@ZnS
QDs, the dots were spherical and well dispersed with no
aggregation noted and the size of the individual particles
obtained was 2.9 nm. The XRD pattern for GSH-
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Fig. 2 A (a) Ground state absorption and (b) emission spectra of GSH-
CdSe@ZnS in NaOH (O.1 M); B Ground state absorption spectra of (a)
amino functionalized Fe;O, magnetic nanoparticles (MNPs) (b) GSH-
CdSe@ZnS (QDs) and (c) silica coated QDs-MNPs complex

CdSe@ZnSQDs has been reported [31]. The crystalline sizes
were determined using the Debye-Scherrer equation. The
estimated size obtained from XRD 3.2 nm is which is not
too far from the size obtained from TEM. Using TEM, the size
of MNPs was determined as 22 nm and they were spherical in
nature as seen in Fig. 3b. TEM images of QDs-MNPs shows
aggregation making the determination of the individual parti-
cle size difficult, Fig. 3c. TEM micrographs obtained in
Fig. 3d showed aggregation of the ClInPc(COOH)g-QDs-
MNPs conjugate, hence we were unable to determine individ-
ual particle sizes using TEM. Using XRD the sizes of the
QDs-MNPs-Pc conjugate was determined 82 nm which is not
very different from what has been observed in literature for
silica coated Fe;0, —QDs [44].

FTIR Spectra

In Fig. 4A (a) for the QDs we observe a COO— stretching
band at 1591 cm ' and the corresponding —OH band is found
around the 3400 cm ™' region. Characteristic peaks of primary
amino group (—NH,) are observed at 1559 and 1550 cm™" for
the amino functionalized Fe;O4 magnetic nanoparticles, in
Fig. 4A (b). The peak at 1034 cm™' is assigned to Si-O-Si
and Fe-O-Si bonding stretch [45]. Successful chemical link-
age of MNPs to QDs is confirmed in Fig. 4A (c), as judged by
the presence of bands corresponding to primary and secondary
amide at 1738 and 1481 cm™'. The encapsulation with the
silica was confirmed by the band at 1135 cm ' which is
attributed to the Si-O peak.

In Fig. 4B, we compare the FT-IR of the (a)
ClInPc(COOH)g (b) silica coated QD-MNPs conjugate and
(c) ClInPc(COOH)g-QDs-MNPs conjugate. In Fig. 4B (a) for
the ClInPc(COOH)g, the C=0 vibration of the
ClInPc(COOH)s is observed at 1664 cm ™', a broad peak near

Table 1 The photophysical and photochemical parameters of ClInPc(COOH)g, QDs and ClInPc(COOH)g- QDs-MNPs

Complex Aabspe)  Prepey (£0.01)

*Prps) (£0.01)

Drpey  * PTrpe (£0.01) (1s) > PTrgps (£0.01) (08)  *Trepe) (1s)

ClInPc(COOH)g or QDs alone 691 0.13 0.48

ClInPc(COOH)s-QDs-MNPs 693 0.06 0.33

ClInPc(COOH)s MNPs 691 0.10 -
ClInPc(COOH)5-QDs 693 0.9 025

049 3.4(100 %) 26.9 (24 %) 67
43 (31 %)

0.6 (45 %)

[8.06]

33.8 (22 %) 139
3.138 %)

0.8(40 %)

[8.93]

061 3.7(100 %) - 146

056 3.3 (100 %) 29.3 (29 %) 168
3.7(36 %)
0.4(35 %)
[9.97]

0.66 3.6 (100 %)

* Opp) = fluorescence quantum yield of the Pc (excitation at 665 nm), ®rqps) = fluorescence quantum yield of the QDs (excitation at 480 nm), Tgpe), =
fluorescence lifetime of the Pc, Trops) = fluorescence lifetime of the QDs, $pc) = triplet quantum yield of the Pc and Trp) = triplet lifetime of the Pc

® Abundances in round brackets, and average lifetimes in square brackets
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Fig. 3 TEM images of a GSH-
CdSe@ZnS (QDs), b amino
functionalized Fe;O, magnetic
nanoparticles (MNPs), ¢ silica
coated QDs-MNPs conjugate and
d ClinPc(COOH)g-QDs-MNPs
conjugate

“i00am 00 am

3250 cm ! corresponds to O—H of the carboxyl groups. The
latter broadens upon conjugation with the silica coated QDs-
MNPs complex. A peak at 1653 cm™' which corresponds to
the amide, confirms the success of the conjugation and the
peaks at 971 and 1091 cm ™" are attributed to the presence of
silica (Fig. 4B (¢)).
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20 . . P N
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Photophysical Parameters
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Luminescence lifetimes were determined using TCSPC.
Fitting of the luminescence decay curves for the QDs and
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Fig. 4 FT-IR spectra of: A (a) GSH-CdSe@ZnS QDs (b) Amino functionalized Fe;04 magnetic nanoparticles (MNPs) (c) silica coated QDs-MNPs, B
(a) ClinPc(COOH)g (b) silica coated QDs-MNPs and (c¢) ClInPc(COOH)g silica coated QDs-MNPs
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Fig. 5 Fluorescence decay curves of a GSH-CdSe@ZnS QDs and b
ClInPc(COOH)g silica coated QDs-MNPs

the ClInPc(COOH)g-QDs-MNPs or ClInPc(COOH)g-QDs
conjugates resulted in three lifetimes as is typical of QDs
[46, 47], While a single lifetime was obtained for both the
ClInPc(COOH)g. Fluorescence decay curves of QDs and
ClInPc(COOH)g-QDs-MNPs is shown in Fig. 5. There is an
increase in the average lifetimes in the presence of the Pc,
Table 1, this is surprising since a decrease is expected due to
FRET. Though the size of the Pc molecule is smaller than that
ofthe QDs, it is possible that the Pc offers partial protection of
the QDs, resulting in the lengthening of the fluorescence
lifetime. The fluorescence lifetime of ClInPc(COOH)g did
not change significantly in the presence of MNPs or QDs.
When linking the silica coated QDs-MNPs complex to
ClInPc(COOH)g we observed a decrease in the fluorescence
quantum yield of ClInPc(COOH)g (when exciting where Pc
absorbs and there is minimal absorption by the QDs). The
fluorescence quantum yield decreased from 0.13 (for Pc
alone) to 0.06 (ClinP¢(COOH)3-QDs-MNPs conjugate) (Ta-
ble 1). The decrease is as a result of the heavy atom effect of
the nanoparticles (QDs and MNPs). The paramagnetic nature

of MNPs will also reduce the fluorescence quantum yields.
There is also a decrease in fluorescence for ClInPc(COOH)g
when linked individually to MNPs or QDs, Table 1. Due to the
enhancement of intersystem crossing (ISC) by the presence of
the heavy indium atom, the fluorescence quantum yield of the
ClInPc(COOH)g by itself was low.

We also excited where QDs absorb and Pcs do not. We
observed a decrease in the fluorescence quantum yield of QDs
in the conjugate (ClInPc(COOH)g-QDs-MNPs), from
$=0.48 for QDs alone to ®r=0.33 for the conjugate (Ta-
ble 1). FRET and other processes which deactivate the excited
states of the QDs have been reported to decrease the fluores-
cence quantum yield [48]. Interestingly when QDs alone are
linked to ClInPc(COOH)g, without MNPs, there is a larger
quenching of their fluorescence, Table 1, suggesting that the
presence of MNPs reduces the surface defects of QDs which
result in reduced fluorescence.

Triplet Quantum Yields (@7) and Lifetimes (17)

Nanoconjugates that are to be used in photodynamic therapy
applications should be able to populate the triplet excited state
and be long lived. The triplet decay curve of the Pc, Fig. 6,
obeyed first order kinetics. The @t of the ClInPc(COOH)g-
QDs-MNPs conjugate ($1=0.66) was higher than for
ClInPc(COOH)g alone at $1t=0.49, Table 1. An increase in
®1 in the presence of QDs and MNPs is attributed to the
combined heavy atom effect of the MNPs and QDs, thus
encouraging ISC. The increase in @ suggests that the 3-in
one complex (ClinPc(COOH)g-QDs-MNPs) will increase the
triplet state population of the phthalocyanine, therefore
resulting in enhanced photosensitizing ability. The triplet state
quantum yields and lifetimes for CllnPc(COOH)g increased in
all cases in the presence of MNPs, QDs or QDs-MNPs. The
largest increase in triplet lifetimes is observed for
ClInP¢(COOH)g in the presence of QDs alone, Table 1. The

Fig. 6 Triplet Decay profile of 0.30
ClInPc(COOH)g in 0.1 M NaOH
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Fig. 7 (a) Emission spectra of 1.0 -
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increase in triplet lifetimes suggest that the MNPs, QDs or
QDs-MNPs protect the ClInPc(COOH)g against the environ-
ment. Reports on increase in the triplet yields and lifetimes for
Pcs in the presence of QDs [49] and other nanoparticles have
been documented before.

We also investigated energy transfer between the silica
coated QDs-MNPs and the Pc. FRET is a non-radiative energy
transfer from an excited donor fluorophore to an acceptor [39].
A good spectral overlap between the fluorescence emission of
the QDs with the absorption spectrum of ClInPc(COOH)g is
an important requirement in FRET studies, and the overlap is

Wavelength /nm

observed in Fig. 7. FRET occurrence is made evident by the
decrease in the photoemission of the donor accompanied by
an increase in the acceptors fluorescence. For the
ClInPc(COOH)g-QDs conjugate the excitation was carried at
520 nm where QDs absorb but the phthalocyanine does not
absorb. An emission peak was observed for the
ClInP¢(COOH)g in the ClInPc(COOH)g-QDs-MNPs conju-
gate which suggests a transfer of energy through FRET from
the QDs to ClinPc (COOH)g (Fig. 8). As stated above, there
are other processes which deactivate the excited states of the
QDs in addition to FRET, hence a weak stimulated emission

Fig. 8 Fluorescence emission 300
spectra of (a) GSH-CdSe@ZnS
QDs alone (b) ClInPc(COOH)g- 1
QDs-MNPs conjugate 250 —
200
> J
2 150
e
= i
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0 T
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peak is observed in Fig. 8, and the calculated FRET efficien-
cies (Eff) are estimates. The (Eff) values was found to be 0.49
for ClInPc(COOH)g-QDs-MNPs, corresponding to R
(63.3 A) being less that r (67.8 A). For CllnPc(COOH)g-
QDs the (Eff) values was found to be 0.48 corresponding to
Ry (59.1 A) being less that r (62.7 A). The J values obtained in
this work were 5.28x 10'* cm® for both the ClInPc(COOH)s-
QDs and ClInPc(COOH)g-QDs-MNPs. Thus the value is not
different from when QDs alone without MNPs are attached to
ClInPc(COOH)g.

Conclusions

The results presented give evidence of a successful synthesis a
hybrid nanoparticle (CliInPc(COOH)g-QDs-MNPs conju-
gate). The conjugate showed improved photophysical proper-
ties and we were able to demonstrate a transfer of energy from
QDs to Pcs. FRET efficiencies of ~48 % were obtained for
energy transfer between the QDs (when alone or linked to
MNPs). Both triplet yields and lifetimes of ClInPc(COOH)g
increase in the nanocomposite, with a decrease in fluorescence
lifetime. This improved photophysical parameters makes this
3-in-one complex a suitable candidate as a multifunctional
drug in PDT applications.
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