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A B S T R A C T

This work reports on the linkage of 2(3),9(10),16(17),23(24) tetrakis [(benzo[d]thiazol-2-yl phenoxy) phtha-
locyaninato] zinc(II) (1) and indium(III) chloride (2) to gold speckled silica (GSS) nanoparticles via gold to
sulphur (Au-S) and gold to nitrogen (Au-N) self-assembly to form the conjugates: 1-GSS and 2-GSS. The formed
conjugates were characterized using microscopic and spectroscopic techniques, and the photophysicochemical
properties and photodynamic therapy (PDT) activity against human breast adenocarcinoma cell line (MCF-7
cells) were studied. The conjugates afforded decrease in fluorescence quantum yields with corresponding in-
crease in triplet and singlet oxygen quantum yields when compared to phthalocyanines alone. Singlet oxygen is
cytotoxic to cancer cells hence it is important for PDT. The in vitro dark toxicity of complex 2 and 2-GSS against
MCF–7 cells showed ≥93% viable cells within concentration ranges of 10–160 μg/mL. 2–GSS showed enhanced
PDT activity with less than 50% viable cells at 80 μg/mL as compared to 2 and GSS alone which showed>60%
viable cells within 10–160 μg/mL. The observed improvements in the PDT activity of 2-GSS could be attributed
to the high singlet oxygen generation of 2-GSS compared to 2 alone in addition to the phototoxicity of GSS.

1. Introduction

Phthalocyanines (Pcs) are aromatic macrocyclic compounds com-
posed of four isoindole units linked by nitrogen atoms [1,2]. The
macrocycle can accommodate most metal ions in the central cavity,
hence a range of different metal/metalloid phthalocyanines (MPcs)
have been synthesized [1,3]. Depending on the central metal, MPcs are
characterised by high triplet state and singlet oxygen quantum yields,
and long triplet lifetimes, making them ideal candidates as photo-
sensitizers (PS) for photodynamic therapy (PDT) [4–6]. Pcs with dia-
magnetic metals such as Zn2+, Al3+, Ga3+ and In3+ have shown great
potential as PDT agents [4,7–9].

Pcs are capable of absorbing visible light, which excites them to an
excited singlet state, consequently populating the excited triplet state
through the intersystem crossing. Subsequently the excited triplet state
transfers its energy to the ground state molecular oxygen generating a
reactive oxygen species that destroys tumour cells [10]. The presence of
heavy atoms in the central cavity of these Pcs gives rise to improved
triplet quantum yields through spin orbit coupling (also known as
heavy atom effect) which promotes intersystem crossing of the PS from
the singlet excited state to the triplet state [11–13]. High triplet and
singlet oxygen quantum yields are important for PDT as explained

before. However, poor selectivity of MPcs towards cancer cells is still a
major challenge in the application of these PSs for PDT hence they are
now linked to nanocarriers for improved targeting through enhanced
permeability and retention (EPR) effect [14–16].

Nanoparticles have shown potential as drug carriers for the in-
tracellular delivery of therapeutics [14]. Gold and silica nanoparticles
have attracted attention in biomedical applications, due to their ex-
cellent biocompatibility, and ease of surface modification [17–20]. The
presence of gold in the nanocarrier is expected to improve the triplet
quantum yield through the heavy atom effect of gold. Additionally, gold
nanoparticles upon irradiation generate heat and have been used for
photothermal therapy (PTT) [21,22]. The combination of silica and
gold in gold speckled silica (GSS) nanoparticles has demonstrated high
thermal stability and good PTT activity in vitro using the lung cancer
cell line (A549) [23]. The localized rise in the temperature of GSS
particles is thought to lead to the rapid injury and death of the cells
[23,24]. Hence the combination of GSS with Pcs is expected to improve
the singlet oxygen generation and PDT activity of Pcs.

In this work, we report on the linkage of GSS nanoparticles to
2(3),9(10),16(17),23(24) tetrakis[(benzo[d]thiazol-2-yl phenoxy)
phthalocyaninato] zinc(II) (complex 1) and 2(3),9(10),16(17),23(24)
tetrakis [(benzo[d]thiazol-2-yl phenoxy) phthalocyaninato] indium(III)
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chloride (complex 2), using gold to sulphur (Au-S) or gold to nitrogen
(Au-N) self-assembly. We have reported on the linkage of thiophi-
neethoxy functionalized MPcs to GSS before [25], however linkage of
GSS to benzothiazole substituted complexes 1 and 2, together with the
PDT activity of Pc-GSS conjugates are reported here for the first time.

The anticancer activity [26] and photosensitizing ability [27] of
benzothiazole derivatives has been reported, hence incorporation of the
benzothiazole moiety in this work is expected to improve the photo-
sensitizing property and PDT activity. The formed conjugates were
characterized and the photophysicochemical properties and PDT ac-
tivity against human breast adenocarcinoma cell line (MCF-7 cells)
were studied using complex 2 and 2-GSS. Complex 2 and 2-GSS were
chosen for PDT studies as examples since they displayed higher triplet
and singlet oxygen quantum yields compared to complex 1 and 1-GSS
respectively.

2. Experimental

2.1. Materials

N,N-Dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO)
were purchased from Merck. Unsubstituted zinc phthalocyanine (ZnPc),
1,3-diphenylisobenzofuran (DPBF) and anthracene-9,10-bis-methylma-
lonate (ADMA) were obtained from Sigma–Aldrich. Absolute ethanol
was obtained from SAARCHEM. All other reagents and solvents were
sourced from commercial suppliers and used as received. Ultra-pure
water was obtained from a Milli–Q Water System (Millipore Corp,
Bedford, MA, USA). AlPcSmix (mixture of sulfonated phthalocyanine
derivatives) was used as a standard for singlet oxygen quantum yields
in aqueous media and was synthesized according to literature methods
[28]. The syntheses of 2(3),9(10),16(17),23(24) tetrakis[(benzo[d]
thiazol-2-yl phenoxy) phthalocyaninato] zinc(II) (1) [27],
2(3),9(10),16(17),23(24) tetrakis[(benzo[d]thiazol-2-yl phenoxy)
phthalocyaninato] indium(III) chloride (2) [29] and (3-aminopropyl)
triethoxysilane (APTES) functionalized gold speckled silica (GSS) na-
noparticles [25], have previously been reported in the literature.

For PDT studies, cultures of human breast adenocarcinoma cells
(MCF-7) were acquired from Cellonex. Dulbecco's phosphate-buffered
saline (DPBS), Dulbecco's modified Eagle's medium (DMEM), trypan
blue and trypsin were acquired from Sigma Aldrich®. 100 μg/mL-peni-
cillin-100 unit/mL-streptomycin-amphotericin B mixture, heat-in-
activated fetal calf serum (FCS) and cell proliferation neutral red re-
agent (WST1) were acquired from Roche®.

Equipment employed is presented in supporting information

2.2. Linkage of complexes 1 and 2 to GSS (Scheme 1)

The synthesis of complexes 1, 2 and GSS has been previously re-
ported [25,27,29]. For the synthesis of the phthalocyanine–GSS con-
jugates: complex 1 (0.02 g, 0.013mmol) or complex 2 (0.02 g,
0.009mmol) were dissolved in dry DMF (2mL) and GSS (0.05 g in 3mL
ethanol) was added and the reaction mixture was stirred for 24 h at
room temperature. The conjugates were centrifuged, successively wa-
shed with ethanol and allowed to dry in the fume hood. The conjugates
are represented as 1-GSS and 2-GSS.

3. Results and discussion

3.1. Characterization of the conjugates

Scheme 1 shows the linking of the Pcs (complexes 1 and 2) to GSS
nanoparticles through either Au-S or Au-N self-assembly since the
complexes have both sulphur and nitrogen in their substituents.

3.1.1. Electronic absorption spectra of complexes and their conjugates
The normalized absorption spectra of complexes 1 and 2 in DMSO

(Fig. 1A) show narrow, single intense Q bands at 681 and 690 nm re-
spectively (Table 1), typical of the monomeric behaviour of metalated
phthalocyanines with degenerate D4h symmetry [30]. Due to the non-
planar effect of the indium(III) ion, with a relatively bigger atomic
radius than the zinc(II) as the central metal ion in the Pc cavity [31,32],
the Q band of complex 2 is red shifted as compared to complex 1,
Fig. 1A, Table 1. GSS alone shows intense absorption between the Q
band and 500 nm (Fig. 1B(a)), attributed to the presence of nanogold.
Pc complexes alone show minimum to no absorption between 470 nm
and 560 nm (Fig. 1A), however an enhancement in absorption was
observed (Fig. 1B(b,c)) after conjugation of the complexes to GSS,
which could be attributed to the presence of GSS in the conjugate since
GSS absorbs within this region (Fig. 1B(a)).

Complexes 1, 2 and their conjugates with GSS are not soluble in
water, hence for studies in water, they were first dissolved in 50 μL
DMSO and then diluted with water to 5mL (1% (v/v) DMSO). Aqueous
media is important for biological applications. In aqueous media (Fig.
S1, ESI†), broad Q bands were observed signaling extensive aggrega-
tion. Aggregation in Pcs results from π–π stacking interaction of the
aromatic rings of Pcs [33]. The effect of aggregation is usually reduced
by solubilization of the drug in a biocompatible surfactant for ther-
apeutic formulations.

The loading of complexes 1 and 2 onto the nanoparticles was in-
vestigated following literature methods [34]. This involves comparing
the Q band absorbance intensity of the Pc in the conjugate with that of
the initial Pc before the conjugation. The values are listed on Table 1
and the amounts are about the same for the two conjugates.

An overlay of the absorption, excitation and emission spectra in
DMSO are shown in Fig. 2 (using 1-GSS, as an example). The absorption
spectrum is broader than the excitation spectrum. The excitation
spectrum is a mirror image of the emission spectrum. The closeness of
the Q-band absorption and excitation maxima shows that the nuclear
configurations of the ground and excited states are similar and are not
affected by excitation in DMSO. It also shows that there was no ag-
gregation in DMSO.

3.1.2. Size and morphology determinations
Fig. 3 shows the TEM micrographs of the GSS and the conjugates.

The zoomed insert of the GSS micrograph, Fig. 3, shows discontinuous
gold nanodomains speckled across the silica surface (small darker
spheres on a larger grey sphere), confirming the formation of gold
speckled SiNPs (GSS). The average size of the NPs was estimated to
78.5 nm for GSS, 82.2 nm for 1-GSS and 81.4 nm for 2-GSS. The GSS
nanoparticles alone are aggregated and aggregation intensified after
linkage to the Pcs especially for 2-GSS. Increased aggregation upon
conjugation is usually due to π-π stacking between Pcs on adjacent NPs.
Pcs are known for their tendency to π-π stack forming H aggregates
[33] as stated above.

The powder XRD patterns for GSS, 2-GSS and complex 2, are shown
in Fig. 4, as examples. Complex 2 exhibited broad peaks between
2θ=10° to 35°, typical of phthalocyanines, depicting their amorphous
nature [35]. GSS exhibited sharp peaks at 2θ=37.5°, 44.3°, 64.3°,
76.9° and 80.8° (matching the pattern in card number, 03-065-2870;
NIST:N AL3280 from the powder diffraction database), indicating
crystallinity, attributed to the presence of gold [36], however slight
broadness was observed between 2θ=10° to 30° probably due to the
presence of silica. The conjugate 2-GSS exhibited a similar diffraction
pattern as GSS, with increase in the intensity of the peak between
2θ=10° to 30° due to the presence of complex 2 as explained before.

Size estimates from XRD were obtained only for the gold nano-
particles on silica before and after conjugation using the
Debye–Scherrer [37] Eq. (1), by focusing on the (111) peaks (Fig. 4):

=

kd λ
βcosθ (1)

where λ is the wavelength of the X-ray source (1.5405 Å), k is an
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empirical constant equal to 0.9, β is the full width at half maximum of
the diffraction peak and θ is the angular position. The sizes of the
AuNPs part of the GSS were 4.54 nm, 6.01 nm and 6.27 nm for GSS, 1-
GSS and 2-GSS, respectively (Table 1). The increase in size of the AuNPs
part of GSS on conjugation may be attributed to aggregation as dis-
cussed above.

Dynamic light scattering (DLS) was used to determine the size of
GSS and its conjugates in solution. As shown in Fig. 5, the size of GSS
nanoparticles was 81.7 nm and upon conjugation, the size increased to
88.1 nm and 86.4 nm for 1-GSS and 2-GSS, respectively, Table 1,
showing that the complexes were successfully adsorbed on the surfaces
of the GSS. The sizes are slightly higher than obtained in TEM mainly

because in TEM, the particles are in a dry state, while in DLS they are in
solution.

3.1.3. FT-IR
FT-IR spectroscopy (Fig. S2, ESI†) was employed to assess the

functional groups present on GSS and the conjugates. GSS exhibited a
distinct band at 1063 cm−1 corresponding to the siloxane band (Si-O-
Si) from silica. The spectra of the conjugates looked similar to that of
GSS with the intense siloxane bands dominating the spectra making it
difficult to see other bands. Consequently, FTIR cannot be conclusively
used to confirm the conjugation of the complexes to the gold speckled
silica nanoparticles, hence XPS will be used to confirm the linkage.

Scheme 1. Synthetic pathways for 1-GSS and 2-GSS.
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3.1.4. XPS Spectra
XPS analysis was used to confirm interaction between GSS and the

complexes. Fig. 6A shows the XPS survey spectra and the respective
binding energies for GSS, complex 2 and 2-GSS as representatives. GSS
showed the presence of Si (2.6 eV and 101.3 eV), Au (83.8 eV, 334.9 eV
and 351.7 eV), C (281.2 eV), N (396.4 eV) and O (531.5 eV). C, N and O
are from APTES used for the functionalisation of silica. Complex 2 ex-
hibited S (161.7 eV), C (281.5 eV), N (396.3 eV), O (532.1 eV), In
(445.4 eV) and Cl (227.83 eV), while the conjugate 2–GSS displayed
similar elements as complex 2, but with additional elements, Au
(83.5 eV, 332.9 eV and 352.5 eV) and Si (102.8 eV) from GSS.

The high resolution XPS analysis was employed to show the linkage
of GSS to the Pc complexes, using complex 2 as an example. The S2p
peak for complex 2 alone (Fig. 6B) showed two subpeaks at 161.7 eV
and 162.8 eV attributed to S-C and S, respectively, while the conjugate
(Fig. 6C, 2-GSS as an example) displayed three peaks at 161.3 eV,
162.4 eV and 165.8 eV corresponding to S-C, S and S-Au, respectively.

Since the complexes contain both S and N, a nitrogen to gold in-
teraction (N-Au) was also investigated. The N 1 s peak for complex 2
alone (Fig. S3A, ESI†) showed two subpeaks corresponding to –N–C–
(396.1 eV) and –N– (397.3 eV), while the conjugates (Fig. S3B ESI†,
2–GSS as an example) displayed three peaks attributed to –N–C–
(396.0 eV), –N– (397.2 eV) and –N–Au– (399.1 eV). The presence of
both gold to sulfur and gold to nitrogen interactions (–N–Au– and
–S–Au–) indicates that the complexes are successfully linked to GSS
through gold to sulfur and gold to nitrogen interactions. N-Au inter-
action is most likely from the N on the ring substituent rather than the N
atoms on the phthalynine core, considering the positions of nitrogens
on the macrocycle.

3.2. Photophysicochemical parameters

Table 1 shows the fluorescence quantum yields (ΦF) and lifetimes
(τF), triplet quantum yields (ΦT) and lifetimes (τT), as well as singlet
oxygen quantum yields (ΦΔ) for 1 and 2 before and after conjugation in
DMSO. The singlet oxygen quantum yields (ΦΔ) were also determined
in water (containing 1% DMSO in water).

3.2.1. Fluorescence quantum yields (ΦF) and lifetimes (τF)
The ΦFvalues for 1-GSS and 2-GSS were lower than those of the

respective Pc complexes alone, indicating that the presence of GSS
nanoparticles quenched the fluorescence behaviour of the complexes.
This phenomenon could be attributed to the heavy atom effect resulting
from gold in the GSS known to deactivate the excited singlet state
thereby fostering the rapid population of the excited triplet state via
intersystem crossing [11–13]. By the same principle, 2-GSS containing
a heavier atom indium in its central cavity displayed much lower ΦF

value as compared to 1-GSS containing Zn. The same applies to Pcs
alone.

As expected, the conjugates afforded short fluorescence lifetimes
corresponding to their low fluorescence quantum yields since there is a

Fig. 1. UV–vis absorption of (A) complex 1 (a) and complex 2 (b) in DMSO and
(B) GSS (a), 1-GSS (b) and 2-GSS (c) in DMSO.

Table 1
Photophysicochemical parameters of complexes 1, 2 and their conjugates in DMSO.

Samples DLS Size (nm)a λabs(nm)b Pc loading (μg/mg) ΦF (± 0.01) τF(ns) (%) (± 0.03) Mean τF(ns) ΦT (± 0.02) τT(μs) (± 2) ΦΔ
b (± 0.01)

1c – 681 (688) 0.24 2.86 (100) 2.86 0.56 130 0.50 (0.07)
1-GSS 88.1 (6.01) 680 (687) 50 0.13 2.81 (97.6) 0.18 (2.4) 2.79 0.68 132 0.59 (0.11)
2c – 690 (705) 0.03 0.78 (100) 0.78 0.75 55 0.64 (0.12)
2-GSS 86.4 (6.27) 693 (701) 48 0.01 0.73 (82.1) 0.40 (17.9) 0.67 0.82 48 0.72 (0.16)

a numbers in brackets are for Au speckles only from XRD. The DLS particle size for GSS alone is 81.7 nm and for Au speckles alone in GSS is 4.54 nm (from XRD).
b numbers in brackets are the values in water (with 1% DMSO).
c values in DMSO from [27].

Fig. 2. Emission (a), excitation (b) and absorption (c) spectra of 1-GSS (ex-
citation=609 nm, solvent=DMSO).
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direct relationship between the former and the latter. Pcs alone showed
mono-exponential decay behavior typical of monomeric derivatives
[38], however the conjugates displayed a biexponential decay (Fig. 7,
using 2-GSS as example), due to the existence of two lifetimes as shown
in Table 1. The biexponential lifetimes observed for the conjugates,
could be associated with the monomeric non-interacting MPc mole-
cules, while the second (shorter lifetime) is attributed to the interaction
between the MPc framework on adjacent nanoparticles, resulting in
unquenched and quenched photo-excited singlet states, respectively
[39].

3.2.2. Triplet quantum yields (ΦT) and lifetimes (τT)
The efficiency of a phthalocyanine as a photosensitizer is de-

termined by its triplet state quantum yield (ΦT) and lifetime (τT) with
its corresponding low fluorescence quantum yield. A high triplet
quantum yield is of great importance since it influences the singlet
oxygen production.

The transient differential spectrum of 2-GSS as an example is shown
in Fig. 8A. This spectrum is useful in determining the excited-state
dynamics of Pcs. The typical broad band between 400–600 nm with a
peak centred at 495 nm, is attributed to the triplet-triplet state excited
absorption (T1→Tn). The negative peaks, attributed to the depletion or
bleaching of the phthalocyanine ground state were also observed at
364 nm and at 688 nm [40].

The triplet decay curve, Fig. 8B, obeyed second order kinetics, ty-
pical of MPc complexes at high concentration (˜ 10−5 M), due to tri-
plet–triplet recombination [41]. Fitting the decay curve at the absorp-
tion maximum produced the triplet lifetimes and the obtained values
together with the triplet quantum yields are summarized in Table 1.

The Pc complexes displayed high triplet quantum yields (ΦT= 0.56
for 1 and 0.75 for 2), due to the presence of heavy atoms, Zn and In, as
previously explained. The heavy atom effect was also confirmed by
larger values of the indium complex and its conjugate compared to the
zinc counterparts since indium is a heavier atom than zinc (Table 1).
The heavy atom effect of gold, was likewise shown by the enhanced ΦT

on linkage of complexes to GSS. The triplet lifetimes became shorter as
the triplet quantum yields increased as expected [42] except for 1-GSS
with longer lifetimes probably due to the protection of the Pc complexes
by the NPs, since NPs are larger than Pcs ˜1 nm. The triplet quantum
yield of the complexes and their conjugates in aqueous media could not
be obtained due to the aggregation tendencies of Pcs.

3.2.3. Singlet oxygen quantum yields
Singlet oxygen (1O2), is the major cytotoxic species responsible for

cancer cell death in PDT [43]. The singlet oxygen quantum yield (ΦΔ) is
a measure of the ability of a photosensitizer to produce singlet oxygen.
The efficiency of singlet oxygen generation of PS, mostly depends on
the energy transfer from the triplet state to ground state molecular
oxygen [44]. To determine the singlet oxygen quantum yield, the
chemical photodegradation of singlet oxygen quenchers (DPBF in

Fig. 3. Representative TEM micrographs for GSS, 1-GSS and 2-GSS.

Fig. 4. XRD diffractograms for GSS, 2-GSS, and complex 2.

Fig. 5. Dynamic light scattering curves for GSS, 1-GSS, and 2-GSS.
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DMSO, using 1-GSS as an example and ADMA in aqueous media (1%
DMSO), using complex 2 as an example) was monitored over a period of
time (Fig. 9). The Q-bands of the complexes and their conjugates re-
mained unchanged while the singlet oxygen quenchers degraded,
proving the photo-stability of Pc complexes and their conjugates over
the irradiation period. Since the ΦΔ value is dependent on the ΦT

parameter, similar trend as the latter was observed, however values in
water are low (ΦΔ = 0.07, 0.11, 0.12, 0.16 for 1, 1-GSS, 2 and 2-GSS
respectively) due to aggregation. Aggregation reduces the excited state
lifetimes and the photosensitizing efficiency, probably due to enhanced
radiationless excited state dissipation which therefore lowers the
quantum yields of the excited states and of singlet oxygen generation.
This could also be due to the quenching effect of water on the singlet
oxygen generation of the PS due to the presence of OeH vibration in
water which has been reported to negatively influence the singlet
oxygen generation of the PS [45]. Additionally, it can be due to the
absorption of water at around 1270 nm which is where singlet oxygen’s
emission wavelength is observed [45]. However, it should be noted that
PS such as lutetium texaphyrin with low ΦΔ values in water (0.11) have
been employed for clinical application in PDT [46], hence these con-
jugates can still be applicable in PDT.

3.3. Cell studies

The in vitro dark cytotoxicity and photodynamic therapy (PDT)
studies were carried out as reported in the literature [47].

The in vitro dark cytotoxicity and the photodynamic therapy studies
of the PS (2 and 2–GSS) were tested against MCF-7 cells. Complex 2 and
its conjugate were chosen for PDT studies since they displayed the
highest ΦT and ФΔ. Cell studies of the PS were carried out using 1%
DMSO in culture media representing highest concentration of DMSO in
supplemented media used for PS gradient concentration range. The
vehicle control i.e. 1% DMSO in culture media (Fig. 10) and static

Fig. 6. XPS spectra (A) survey spectra for GSS, complex 2 and 2-GSS, (B) and (C) high resolution S2p spectra for 2 and 2-GSS, respectively.

Fig. 7. Fluorescence decay (blue), χ2
fitting (red) and IRF (black) curves for

complex 2-GSS in DMSO.
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control i.e. culture media alone, were tested against MCF-7 cells, and
their percentage cell viability were proportionately the same showing
that the 1% DMSO in culture media is innocuous against the cells.
Gradient PS concentration range of 10 μg/mL–160 μg/mL for in vitro
dark cytotoxicity and PDT were used.

3.3.1. In vitro dark cytotoxicity
Complex 2, GSS and 2-GSS (Fig. 10), exhibited ≥ 93% viable cells

at concentration ≤160 μg/mL showing that complex 2 and its con-
jugate are relatively innocuous towards the MCF-7 cells in the absence
of light which is a good indication for an ideal photosensitizer for PDT.
Dark cytotoxicity is undesirable in PDT applications as it results in
cytocidal activity against both healthy and tumour cells. The absence of
dark toxicity makes complex 2 and 2-GSS good candidates for PDT. GSS
alone also showed no toxicity in the absence of light.

3.3.2. Photodynamic therapy activity
The PDT activity of the samples was achieved under the same

conditions as the dark cytotoxicity study but with a fixed light dosi-
metry of 170 J/cm2. When MCF-7 cancer cells were treated with the
highest concentration of complex 2 (160 μg/mL), 66% of the cells were
still viable (Fig. 10A), even though the ΦΔ in DMSO was high (0.64).
The high percentage cell viability in the presence of 2 could be at-
tributed to aggregation of the complex in aqueous media as also shown
by the low ΦΔ (0.12) values in water. However, it should be noted that
the phototoxicity of the photosensitizer is determined by a number of

factors including cell type, cellular uptake and localization [48]. The
poor solubility and lack of cell targeting moieties in complex 2 could
have resulted in poor uptake and localisation of the MPc hence high cell
viability.

Complex 2 was linked to GSS nanoparticles as nanocarriers and for
improved photophysical properties (through the heavy atom effect of
gold), hence the phototoxicity of GSS alone was tested against the
MCF–7 cell lines. The highest concentration of GSS (160 μg/mL)
showed cell viability of 63% (Fig. 10B), which surprisingly is slightly
higher than that of the MPc. Metal nanoparticles are capable of con-
verting certain wavelengths of light into heat. Since GSS alone did not
show toxicity in the dark, phototoxicity could probably be due to its
photothermal activity as reported before [22]. The conjugate, 2-GSS
afforded improved PDT activity with cell viability of 49% at 80 μg/mL
and 46% at 160 μg/mL, Fig. 10C. The enhanced PDT activity for 2–GSS
compared to complex 2 is attributed to enhanced singlet oxygen
quantum yield due to the presence of Au, a heavy atom as explained
before, in addition to the photoxicity from GSS.

4. Conclusion

2(3),9(10),16(17),23(24) Tetrakis[(benzo[d]thiazol-2-yl phenoxy)
phthalocyaninato] zinc(II) (1) and 2(3),9(10),16(17),23(24) tetrakis
[(benzo[d]thiazol-2-yl phenoxy)phthalocyaninato] indium(III) chloride
(2) were linked to gold speckled silica (GSS) nanoparticles through S-
Au/N-Au self-assembly. The conjugates displayed higher triplet and

Fig. 8. (A) Transient curve and (B) Triplet absorption decay curve (black) and
fitting (red) for 2-GSS in DMSO.

Fig. 9. Spectra for singlet oxygen quantum yield determination using a pho-
tochemical method. The spectra show the degradation of (A) DPBF (initial
concerntration 3.1×10−5M) in the presence of 1–GSS (5.8×10-6M) in DMSO
(insert shows a plot of ΔA of DPBF at 417 nm vs. irradiation time) and (B)
ADMA (initial concentration 1.7×10−5M) in the presence of complex 2
(2.1×10-6M) in water (insert shows a plot of ΔA of ADMA at 380 nm vs. ir-
radiation time).
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singlet oxygen quantum yields compared to their respective Pcs alone.
The in vitro dark cytotoxicity and phototoxicity of GSS of complex 2 and
2-GSS against MCF-7 cell line were investigated. They all showed less in
vitro dark toxicity with ≥ 93% viable cells in all the tested con-
centrations. 2-GSS showed enhanced PDT activity compared to 2 alone
due to the enhanced singlet oxygen quantum yield and also the pho-
toxicity of GSS. 2-GSS has potential for application as a PS in PDT for
cancer treatment.
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