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In this work, we report on the synthesis of tris-[(2,2,7,7-tetramethyltetrahydro-3aH-bis([1,3]dioxolo)[4,5-
b:4’,5'-d]pyran-5-yl)methoxy)-2-(4-benzo[d]thiazol-2-ylphenoxyphthalocyaninato] zinc(Il) (complex 3) and
its linkage to gold nanoparticles (AuNPs) of different shapes through S-Au/N-Au self-assembly. The conjugates
of complex 3 (with both gold nanorods (AuNR) and nanospheres (AuNS)), displayed decreased fluorescence
quantum yield with corresponding improved triplet and singlet quantum yields compared to complex 3 alone,
however 3-AuNR showed improved properties than 3-AuNS. Complex 3 showed relatively low in vitro dark cy-
totoxicity against the epithelial breast cancer cells with cell survival > 85% at concentration < 160 pg/mL but
afforded reduced photodynamic therapy activity which may be due to aggregation. 3-AuNR afforded superior
PDT activity with <50% viable cells at concentration > 40 pg/mL in comparison to 3-AuNS with <50% viable
cells at concentration > 80 pg/mL. The superior activity of 3-AuNR is attributed to the photothermal therapy effect
since nanorods absorb more light at 680 nm than nanospheres.
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1. Introduction

Photodynamic therapy (PDT) involves the systemic administration
of a suitable photosensitizer (PS), followed by activation of the localized
PS in the tumor by light of a specific wavelength. The excited triplet
state of the PS then transfers its energy to the ground state molecular
oxygen resulting in the production of singlet oxygen which is the
main cytotoxic species responsible for the cidal of unhealthy cells [1].
Metallophthalocyanines (MPcs) are a class of dyes used in various fields,
such as in nonlinear optics [2], photodynamic therapy (PDT) [3,4], and
photodynamic antimicrobial chemotherapy (PACT) [5]. Their ability to
efficiently generate singlet oxygen, ease of chemical modification and
strong absorption in the near infrared region, make them viable and ef-
ficacious photosensitizers (PS) for photodynamic therapy [3].

Despite the many successes recorded for the PDT activity of MPcs,
there remain some drawbacks which include lack of selectivity and
specificity towards cancer cells in comparison to healthy ones. To ad-
dress these drawbacks, various approaches such as: encapsulation of
the PS in colloidal carriers (liposomes [6,7] or polymeric micelles
[8,9]), and conjugation of the PS to antibodies [10,11], synthetic pep-
tides [12-14], nanoparticles [15,16] and carbohydrates [17-22] have
been explored.

Glycosylated MPcs are promising PS candidates for use in PDT. Can-
cer cells are reported to have an increased uptake for sugars and over-

* Corresponding author.
E-mail address: t.nyokong@ru.ac.za (T. Nyokong).

https://doi.org/10.1016/j.saa.2018.05.081
1386-1425/© 2018 Elsevier B.V. All rights reserved.

express glucose transporter proteins due to their increased demand
for metabolic energy [23-25]. An isopropylidene protected tetra -
glycosylated zinc(Il) phthalocyanine was reported to have shown high
uptake and photodynamic cytotoxicity in MCF-7 cells [22]. Hence,
glycoconjugation of the PSs improves their membrane interaction and
uptake by cancer cells, thus increasing tumor selectivity [17,26,27]. Ad-
ditionally, carbohydrates improve water solubility, an important pa-
rameter for cellular uptake of the PSs [17,28].

On the other hand, low symmetry MPcs offer greater advantages
over their symmetrically substituted analogue due to possession of spe-
cific binding site for attachment to drug delivery agents [29]. The exis-
tence of different functional groups in low symmetry Pcs allow for the
coexistence of several features in a molecule, and therefore an improve-
ment in the Pc's properties.

Heterocyclic compounds containing sulphur and nitrogen, known as
benzothiazole and their derivatives have been shown to possess good
photosensitizing as well as anticancer activity [30,31]. In view of the
photosensitizing importance of benzothiazoles and glycosylated phtha-
locyanines, a combination of these functional structures into one is ex-
pected to serve as potential PS for PDT. Apart from these, the sulphur
and nitrogen in the benzothiazole ring will provide site for the non-
covalent interaction of the phthalocyanine to metallic nanoparticles
such as Au nanoparticles (AuNPs).

In this work, we report for the first time the synthesis of
low symmetry tris-[(2,2,7,7-tetramethyltetrahydro-3aH-bis([1,3]
dioxolo)[4,5-b:4’,5'-d|pyran-5-yl)methoxy)-2-(4-benzo[d]thiazol-
2-ylphenoxyphthalocyaninato] zinc(II) (complex 3) as well as the
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surface assembly of the synthesized complex onto different shapes
of AuNPs: gold nanospheres (AuNS) and gold nanorods (AuNR),
(whose syntheses has been reported before [32,33]). AuNR are of
interest since they possess superior long blood circulation time
due to the anisotropic geometry [34,35]. Complex 3 was linked to
gold nanoparticles (AuNPs) through the S—Au or N—Au bond
since gold is known for its affinity for sulphur and nitrogen (with
the former being stronger than the latter). Phthalocyanines have
been linked to AuNPs of different shapes before [32] with improved
triplet state and singlet oxygen quantum yields as well as improved
PDT activity [36]. This work reports for the first time on the linkage
of AuNPs to glycosylated MPcs. The MPcs, NPs and the conjugates
were characterized and the photophysicochemical properties and
PDT activity (against MCF-7 breast cancer cells) were studied.

2. Experimental
2.1. Materials

Ultra-pure water was obtained from a Milli-Q Water System
(Millipore Corp, Bedford, MA, USA), 1-pentanol, zinc(Il) acetate
dihydrate, 1,8-diazobicylo[5.4.0Jundec-7-ene (DBU), unsubstituted
zinc phthalocyanine (ZnPc), 1,3-diphenylisobenzofuran (DPBF) and
anthracene-9,10-bis-methylmalonate (ADMA) were purchased from
Sigma-Aldrich. Tetrahydrofuran (THF), toluene, and dimethyl
sulphoxide (DMSO) were purchased from Merck. Methanol and abso-
lute ethanol were obtained from SAARCHEM. All other reagents and sol-
vents were obtained from commercial suppliers and used as received.
Silica gel 60 (0.063-0.200 mm) for column chromatography was used
for the purification processes. AlPcSmix (containing a mixture of
sulfonated derivatives) was used as a standard for singlet oxygen quan-
tum yields and was synthesized according to literature methods [37].
The syntheses of 4-glycosylated phthalonitrile (complex 1) [22] and 4-
(4-(benzo thiazol-2-yl)phenoxy) phthalonitrile (complex 2) [38] have
been reported in literature.

Cultures of epithelial breast cancer cells (MCF-7 cells) were obtained
from Cellonex. Trypsin, human serum albumin (HSA), trypan blue,
Dulbecco's phosphate-buffered saline (DPBS) and Dulbecco's modified
Eagle's medium (DMEM) were obtained from Sigma Aldrich, heat-
inactivated fetal calf serum (FCS), neutral red cell proliferation reagent
(WST-1), and 100 pg/mL-penicillin-100 unit/mL-streptomycin-
amphotericin B mixture were obtained from Biowest.

2.2. Equipment

Infrared spectra were acquired on a Bruker ALPHA FT-IR spectrom-
eter with universal attenuated total reflectance (ATR) sampling
accessory. '"H NMR spectra were recorded on a Bruker AVANCE II
600 MHz NMR spectrometer using tetramethylsilane (TMS) as an inter-
nal reference. Elemental analyses were performed using a Vario-
Elementar Microcube ELIII. Mass spectra data were collected on a Bruker
AutoFLEX Il Smart-beam TOF/TOF mass spectrometer using a-cyano-4-
hydrocinnamic acid as the matrix. X-ray powder diffraction patterns
were recorded using a Cu Ko radiation (1.5405°A, nickel filter), on a
Bruker D8 Discover equipped with a proportional counter and the
data was processed using the Eva (evaluation curve fitting) software.
The morphologies of the nanoparticles were assessed using a transmis-
sion electron microscope (TEM), ZEISS LIBRA model 120 operated at
90 kV and iTEM software was used for TEM micrographs processing. El-
emental compositions of the NPs and the conjugates were qualitatively
determined using energy dispersive X-ray spectroscopy (EDX), INCA
PENTA FET coupled to the VAGA TESCAM operated at 20 kV accelerating
voltage. Ground state electronic absorption was measured using a
Shimadzu UV-2550 spectrophotometer. Fluorescence excitation and
emission spectra were measured on a Varian Eclipse spectrofluorimeter
using a 360-1100 nm filter. Excitation spectra were recorded using the

Q-band of the emission spectra. Fluorescence lifetimes were measured
using a time correlated single photon counting setup (TCSPC) (FluoTime
300, Picoquant GmbH) with a diode laser (LDH-P-670, Picoquant
GmbH, 20 MHz repetition rate, 44 ps pulse width). Details have been
provided before [39].

Triplet quantum yields were determined using a laser flash photoly-
sis system. The excitation pulses were produced using 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), as reported before [40].

Irradiation for singlet oxygen quantum yield was performed using
a general electric quartz lamp (300 W) as described in the literature
[41]. Light intensity was measured with a POWER MAX 5100
(Molelectron detector incorporated) power meter and was found to
be 4.3 x 10" photons cm ™25,

Magnetic circular dichroism (MCD) spectra were measured with a
Chirascan plus spectrodichrometer equipped with a 1 T (tesla) perma-
nent magnet by using both the parallel and antiparallel fields. The con-
ventions of Piepho and Schatz are used to describe the sign of the MCD
signal and the Faraday terms [42].

X-ray photoelectron spectroscopy (XPS) analysis was done using an
AXIS Ultra DLD, with Al (monochromatic) anode equipped with a
charge neutraliser, supplied by Kratos Analytical. The following param-
eters were used: the emission was 10 mA, the anode (HT) was 15 kV
and the operating pressure was below 5 x 10~ Torr. A hybrid lens
was used and resolution to acquire scans was at 160 eV pass energy in
slot mode. The center used for the scans was at 520 eV with a width
of 1205 eV, steps at 1 eV and dwell time at 100 ms as. The high-
resolution scans were acquired using 80 eV pass energy in slot mode.

Irradiation for PDT studies was performed using a Modulight
Medical (ML) 7710-680 channel Turnkey laser system coupled with a
2 x 3 W channel at 680 nm, cylindrical output channels, aiming beam,
integrated calibration module, foot/hand switch pedal, fiber sensors
(subminiature version A) connectors and safety interlocks. lllumination
kit for in vitro PDT studies with capacity to hold 127.76 x 85.48 mm 96
well tissue culture plate.

The MCF-7 cells were cultured in 75 cm? vented flasks (Porvair) in a
humidified atmosphere incubator with ~5% CO, and temperature at 37
°C (Heal Force). The cells were viewed under phase contrast using a
Zeiss® AxioVert.A1 Fluorescence LED (FL-LED) inverted microscope
and the cell viability was measured using WST-1 cell proliferation neu-
tral red reagent (Roche) with Synergy 2 multi-mode microplate reader
(BioTek®).

2.3. Syntheses

2.3.1. Synthesis of Tris-[(2,2,7,7-tetramethyltetrahydro-3aH-bis([1,3]
dioxolo) [4,5-b:4',5'-d]Pyran-5-yl)methoxy)-2-(4-benzo[d]thiazol-2-
ylphenoxy Phthalocyaninato] Zinc (1) (3)

A mixture of 4-glycosylated phthalonitrile (1) (0.55 g, 1.42 mmol),
4-(4-(benzo thiazol-2-yl)phenoxy) phthalonitrile (2) (0.1 g,
0.28 mmol), zinc(I) acetate dihydrate (0.25 g, 1.1 mmol) and DBU
(0.3 mL), was dissolved in dry 1-pentanol (3 mL). The reaction mixture
was refluxed at 180 °C with constant stirring, in the presence of nitrogen
for 6 h. The mixture was cooled to ambient temperature and succes-
sively precipitated out of solution using methanol. Compound 3 was ob-
tained using silica packed column chromatography with THF:methanol
(9:1) as an eluent.

Yield: 0.11 g (16.9%). IR [Vmax/cm™~']: 3196, 2921 (C—H stretch),
1710, 1605 (C=C), 1474-1371 (C=C), 1217 (Ar—O—Ar). UV/Vis
(DMSO), Nmax nm (log €): 682 (5.55), 612 (4.52), 320 (4.78). 'H NMR
(400 MHz, CDCl5) & 8.13 (d, J = 8.7 Hz, 2H), 8.02 (d, ] = 8.1 Hz, 1H),
7.87 (d,] = 7.8 Hz, 1H), 7.71 (d, ] = 8.7 Hz, 1H), 7.64 (d, ] = 8.8 Hz,
2H), 7.52-7.41 (m, 1H), 7.39-7.29 (m, 3H), 7.25 (dd, ] = 8.9, 2.5 Hz,
3H), 7.16 (dd, ] = 10.8, 5.7 Hz, 6H), 5.50 (d, ] = 5.0 Hz, 6H), 4.61 (dd,
J=17.9,2.5 Hz, 6H), 433-4.09 (m, 9H), 1.44 (m, 24H), 1.29 (s, 12H).
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Anal. Calc. for (Cg;H77Ng019SZn): C, 61.65; H, 4.92; N, 7.99; S, 2.03.
Found: C, 62.02: H, 5.09; N, 7.02; S, 1.92. MS (MALDI-TOF) m/z: Calcd:
1577.97; Found: 1578.44 [M + H]*.

2.3.2. Linkage of Complex 3 to AuNPs (AuNS and AuNR; Scheme 2)

Cetyltrimethylammonium bromide (CTAB) stabilized AuNR and
AuNS [32,33] were synthesized as reported in literature. Complex 3 is
expected to form nitrogen-gold or sulphur-gold bonds through self-
assembly mono layers since the benzothiazole portion of the Pc contains
sulphur and nitrogen groups. A solution of complex 3 (0.02 g,
0.0127 mmol) in DMSO (3 mL) was mixed with the gold nanoparticles
solution, AuNS (0.01 g) in toluene (2 mL) and AuNR (10 mL) in water
and stirred for 24 h at room temperature. The conjugates obtained, 3-
AuNS and 3-AuNR were centrifuged, successively purified with ethanol
and allowed to dry in the fume hood.

2.4. Photophysicochemical Studies

Fluorescence () and triplet (dr) quantum yields of complex 3 and
the conjugates were determined in DMSO using comparative methods
described before in the literatures [43-45]. Unsubstituted ZnPc in
DMSO was used as a standard with & = 0.20 [44] and &1 = 0.65
[45]. The solutions for triplet state studies were de-aerated with argon
for 15 min before measurements.

Singlet oxygen quantum yield (d,) values were determined under
ambient conditions using DPBF as a singlet oxygen quencher in DMSO
(and ADMA in water) and equations described before [46,47]. ZnPc in
DMSO was used as a standard (®x(swy = 0.67 in DMSO) [46]. AIPcSmix
was employed as a standard in aqueous media (Pa sty = 0.42 [48]. The
absorbances of DPBF or ADMA were spectroscopically monitored at
417 nm or 380 nm, respectively, at predetermined time intervals.

3. Results and Discussion
3.1. Characterization of Complexes 3 and the Conjugates

Schemes 1 and 2, show synthetic pathways for complex 3 and its
conjugates with AuNPs. Complex 3 was synthesized through cross-
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Scheme 1. Synthesis of complex 3.

[}
w

o A0
o =N
o
o O 0
ﬁ— '\\\ N\ \//
NN
N Zn/ ™
NN
// -
N
13 o ol
0.0 3 ©
X 0
o o
o 07§

"~

rt/24 h AuNRs
or AuNS
o
200 Y 0%
Y, °o
o9 o o{ ©
(o] 7o
_C;. 0=\ _ N- oo
o > /=T N-
ON. N (o]
Zn @ N N =0 O 0"—

Scheme 2. Illustration of Synthetic pathways for 3-AuNS and 3-AuNR.

condensation of phthalonitriles 1 and 2 in the presence of DBU, zinc ac-
etate, and pentanol in an inert nitrogen atmosphere. The disappearance
of C=N peak at 2234 cm™ ! (using phthalonitrile 2 as an example) ob-
served for 1 and 2 in the FT-IR spectra (Fig. 1) of 3 confirmed the forma-
tion of the latter.

The "H NMR spectrum of 3 contains aromatic ring proton peaks be-
tween 8.13 and 7.16 ppm. The propyledene sugar ring protons were ob-
served between 5.50 and 4.09 ppm, while the CH3 protons on the sugar
were observed between 1.47 and 1.29 ppm (Fig. S1, ESI"). Peak integra-
tion gave the anticipated total number of protons, confirming the rela-
tive purity of the complex. Mass spectral data (Fig. S2, ESI) and
elemental analyses agreed with the proposed structure of complex 3.

3.1.1. Electronic Absorption Spectra

The absorption (solid line) and MCD (dotted line) spectra of com-
plex 3 are shown in Fig. 2. A single Q band at 681 nm was observed
for 3, typical for metalated phthalocyanine with degenerate Dy, sym-
metry [49]. MCD has proven to be a very important technique for iden-
tifying the state degeneracies of highly symmetric complexes such as
phthalocyanines, because it provides information that cannot be de-
rived from the UV-visible absorption spectrum alone [49]. The MCD
spectrum of complex 3 showed a distinct S-shaped sigmoid curve be-
tween 600 and 750 nm with a cross-over point at 682 nm, which essen-
tially corresponds to 681 nm wavelength of the absorption maxima. It
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Fig. 1. FTIR spectra of complex 2 (a) and complex 3 (b).

can therefore be assumed that the MCD spectrum in this spectral region
is dominated by a pseudo-A; term and hence the transition involves a
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Fig. 2. UV-vis absorption and MCD spectra of complex 3 in DMSO.

near degenerate excited state. A similar curve is also observed in the
MCD spectrum at approximately 342 nm, indicating that this transition
is also degenerate [50]. From the MCD spectroscopy, the 681 nm and
348 nm bands can be readily assigned as the Q and B bands, respectively
in accordance with the Gourterman four-orbital model [51].

The UV-Visible absorption spectra of the gold nanoparticles alone,
complex 3 and the conjugates (3-AuNS and 3-AuNR) are shown in
Fig. 3. The surface plasmon resonance (SPR) band of the gold nano-
spheres (AuNS) was observed at 525 nm (Fig. 3A(a)), characteristic of
AuNPs <50 nm [52,53]. On the other hand, gold nanorods (AuNR),
Fig. 3B(a), displayed two SPR bands at 519 nm and 662 nm, due to the
anisotropic shape corresponding to their width and length known as
the transverse and longitudinal modes, respectively [54].

Fig. 3A shows the normalized absorption spectra of AuNS, complex 3
and 3-AuNS in DMSO. Upon conjugation of complex 3 to AuNS, a red-
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Fig. 3. Absorption spectra of (A) AuNS (a), complex 3 (b), and 3-AuNS (c) in DMSO,
(B) AuNR (a), complex 3 (b), and 3-AuNR (c) in DMSO, and (C) complex 3 (a), 3-AuNS
(b), 3-AuNR (c) in water.
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Table 1

Photophysicochemical parameters of complexes 3 and its conjugates in DMSOunless otherwise stated. (Excitation at 609 nm).
Samples Size® Nabs(nm)® Pc loading (pg/mg) Drer0.01) TE(ns) (£0.01) Pr (10.02) (DMs0) TT(ps) (+1.00) Dp (o0t
3 - 681 - 0.15 2.95 0.51 308 0.36(0.08)
3-AuNS 15.28 (13.36) 681 (525) 7.62 0.12 2.81 0.62 318 0.55(0.16)
3-AuNR 3.2(2.1) 682 (519,662) 13.7 0.11 <0.01 0.71 210 0.61(0.20)

¢ Numbers in brackets are the sizes in nm for AuNS alone or aspect ratio of the AuNR alone, all from TEM.

b Numbers in brackets are for the nanoparticles alone in DMSO.
€ Numbers in brackets are the values in water.

shift in the SPR was observed from 525 nm to 562 nm indicating an in-
crease in size following conjugation probably due to aggregation. Fig. 3B
shows the normalized absorption spectra of AuNR, complex 3 and 3-
AuNR (in DMSO). After conjugation, the presence of AuNR was evi-
denced by the enhancement in the region where the transverse and lon-
gitudinal SPR bands are expected. The latter is masked by the Q band of
complex 3 in 3-AuNR. The spectral enhancement or presence of SPR
peaks in the conjugates confirms successful linkage of the complex to
nanoparticles.

A potential photosensitizer for photodynamic therapy application
should possess relative solubility in aqueous solvent. Fig. 3C shows the
absorption spectra of complex 3 and the conjugates in water. These gen-
erally show broad Q-bands due to aggregation, typical of Pcs in aqueous
solution due to - stacking interaction of the aromatic rings of Pcs [55].
The loading of complexes 3 onto the nanoparticles was investigated fol-
lowing literature methods [56]. This involves comparing the Q band ab-
sorbance intensity of the Pc in the conjugate with that of the initial Pc
before the conjugation. The values are listed in Table 1. Anisotropic
nanoparticles have a large surface area [32], which enables the loading
of more Pcs.

The ground state absorption, excitation and emission spectra are
shown in Fig. 4 (using complex 3 as an example) in DMSO. The ground
state absorption and excitation were mirror images of the emission
spectrum. The closeness of the Q-band absorption maxima to that of ex-
citation shows that the ground state nuclear configuration of complex 3
was not affected by excitation and that there is no aggregation.

3.1.2. XRD Studies

Fig. 5 shows the X-ray diffraction (XRD) pattern for AuNS, complex
3, 3-AuNS and 3-AuNR. The XRD diffraction patterns of the nanoparti-
cles (Fig. 5A) showed well-defined crystalline peaks assigned to the
planes at 111, 200, 220, 311 and 222 corresponding to the face
centered-cubic structures of metallic gold [57]. The XRD pattern of com-
plex 3 contains sharp peaks between 26 = 18-23°. Sharp XRD peaks are
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Fig. 4. Emission (a), excitation (b) and absorption (c) spectra of complex 3 (excitation =
609 nm, solvent = DMSO).

not unusual in the XRD patterns of phthalocyanines [58]. The XRD
diffractogram for the conjugates of phthalocyanines (Pcs) and AuNPs
depicted the disappearance (or reduction in the number) of crystalline
peaks at 26 = 10-30° seen in Pcs alone with slight broadening possibly
due to interaction between the Pcs and AuNPs [59] in addition to the
gold peaks, (Fig. 5B and C) confirming the formation of 3-AuNS and 3-
AuNR.

Debye-Scherrer Eq. (1) [60] was employed for the estimation of the
sizes of the AuNS:

kN
- 3cos6 (1)

where \ is the wavelength of the X-ray source (1.5405 A), k is an empir-
ical constant equal to 0.9, 3 is the full width at half maximum of the dif-
fraction peak and 6 is the angular position. The sizes were estimated to
be 12.0 nm (AuNS) and 14.6 nm (3-AuNS).
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Fig. 5. XRD diffractograms for AuNS (A), 3-AuNS (B), 3-AuNR, and (C) complex 3 (D).
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Fig. 6. Representative TEM micrographs for AuNS, AuNR and when conjugated to complex 3.

3.1.3. TEM

The TEM micrographs for AuNS, AuNR, 3-AuNS and 3-AuNR are
shown in Fig. 6. The AuNS were spherical and relatively monodispersed.
The TEM micrograph for AuNR clearly shows rods. Upon conjugation,
both 3-AuNS and 3-AuNR showed aggregation, with the nanorods in
3-AuNR intertwined as shown in the zoomed insert in the TEM micro-
graph for 3-AuNR. The presence of the NRs in the conjugates is clear
showing their integrity. Aggregation is probably due to interactions be-
tween the Pcs on adjacent NPs via m-m stacking since Pcs are known for
their m-m stacking to form H aggregates [55]. The sizes were 13.36 nm
(AuNS), 15.28 nm (3-AuNS), and the aspect ratio 2.1 (AuNR) and 3.2
(3-AuNR), Table 1. There is an increase in size following conjugation
as was the case for XRD.

3.1.4. EDX Spectra

The elemental composition of the NPs, complexes and their conju-
gates were qualitatively determined by energy dispersive X-ray spec-
trometer (EDX), Fig. 7. The spectrum of complex 3, showed the
presence of C, N, S, O and Zn, as expected for the phthalocyanine.
Upon conjugation to the gold nanoparticles, the spectrum (Fig. 7B and
C) displayed a Au peak in addition to elements seen in the complex
alone. Fig. 7C shows the presence of silver from silver nitrate that was
used during the preparation of the growth solution for the synthesis
of AuNR.

3.1.5. XPS Spectra

An assessment of the possible interaction between AuNPs and com-
plex 3 was done using XPS analysis. The XPS survey spectra (Fig. 8A) ex-
hibited the expected elements and their respective binding energies.
Complex 3 exhibited S (163 eV), C (285 eV), N (397 eV), O (534 eV),

and Zn (1026 eV), while its conjugates (3—AuNR and 3-AuNS) displayed
similar trends but with an additional atom, Au (85.21 eV, 338 eV and
353 eV).

The high resolution XPS analysis was employed to show the possible
linkage of complex 3 to AuNPs. The N 1s peak for complex 3 alone
(Fig. 8B) showed two subpeaks corresponding to —N—C— (396.2 eV)
and —N— (397.3 eV), while the conjugates (Fig. 8C, 3-AuNS as an ex-
ample) displayed three peaks attributed to —N—C— (396.3 eV),
—N— (397.3 eV) and —N—Au— (399.9 eV). The S 2p deconvolution
for complex 3 alone (Fig. 8D) exhibited two subpeaks corresponding
to —S—C— (161.9 eV) and —S— (163.1 eV). The conjugates (Fig. SE,
3-AuNS as an example) displayed three peaks attributed to —S—C—
(161.8 eV), —S— (163.8 eV) and —S—Au— (164.5 eV). The presence
of the gold to sulphur and gold to nitrogen interaction (—N—Au—
and —S—Au—) suggests that either both S and N on the same Pc mol-
ecule are linked to AuNPs or that some molecules of 3 were adsorbed on
the surface of metallic nanoparticles through S—Au interactions while
others utilized the N—Au interactions since gold has a strong affinity
for both sulphur and nitrogen. The N 1s and S 2p spectra for 3-AulNR,
is shown in Fig. S3, ESI".

3.2. Photophysicochemical Parameters

3.2.1. Fluorescence Quantum Yields (®f) and Lifetimes (Tf)

As shown in Table 1, the ®r of complex 3 in the presence of AuNPs
decreases probably due to deactivation of the excited singlet state
through heavy atom effect which promotes intersystem crossing to
the triplet state thus lowering the &g [61]. The fluorescence lifetimes
also decreased following conjugation as expected since fluorescence
quantum yields and lifetimes have a direct relationship. A typical
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Fig. 7. EDX spectra of complex 3 (A), 3-AuNS (B), and 3-AuNR (C).

fluorescence decay curve for complex 3 (as an example) is as shown in
Fig. 9. A mono-exponential decay curve indicating one life-time was ob-
tained for complex 3 alone and conjugates showed two lifetimes. The
presence of two life times could be due to different orientations of Pcs
on the NPs. Comparing the lifetime of 3 alone with the metallic
nanoconjugates, a drastic reduction in lifetime was observed for 3-
AuNR while 3-AuNS only showed slight decrease. The metal-enhanced
fluorescence and reduction in lifetime of nanohybrids has been shown
both theoretically and experimentally to be dependent on the overlap
between the fluorescence emission of dye molecule and the surface
plasmon resonance (SPR) band of the metallic nanoparticles [62-64].
Li et al. [62] have found that when the wavelength of SPR band in
metallic nanoparticles are far apart from that of the fluorescence

emission of dye molecules, the reduction in lifetime of the resultant
nanohybrid is not significant, but a drastic reduction in lifetime was ob-
served when the wavelength is close or overlap. This is because absorp-
tion in metallic nanoparticles opens loss channels and shortens the
fluorescence lifetime at very close distances, leading to quenching
[62,64]. From Fig. S4, ESI', it can be clearly seen that complex 3 emission
maxima almost overlap with that of the absorption of AuNR but far
apart with the AuNS, hence a drastic reduction in lifetime for 3-AuNR
compared to 3-AuNS.

3.2.2. Triplet Quantum Yields (<) and Lifetimes (7r)

The triplet decay curve of 3-AuNR is shown in Fig. 10 (as an exam-
ple) and all the Pcs and conjugates were found to obey second order ki-
netics, which is typical of MPcs complexes at high concentration, due to
triplet-triplet recombination [65]. The increase in triplet quantum yield
observed upon conjugation (Table 1), corresponding to the decrease in
fluorescence quantum yield, showed that AuNPs promote intersystem
crossing to the triplet state due to heavy atom effect as mentioned
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Fig. 8. XPS spectra: (A) survey spectra of complex 3, 3-AuNS, 3-AuNR and high resolution
spectra (B) N 1s for complex 3, (C) N 1s for 3-AuNS, (D) S 2p for complex 3, and (E) S 2p for
3-AuNS.
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Fig. 8 (continued).

above. The conjugate 3-AuNR gave larger d values compared to 3-
AuNS (Table 1). 3-AuNR with a higher loading gave a high & than 3-
AuNS.

Additionally, the longitudinal SPR peak of the nanorod at 686 nm
which overlaps with the Q band of 3 at 681 nm could be having an effect
on the excited state parameters. The residual silver ion (see Fig. 7C)
used in the synthesis of AuNR could also be contributing through the
heavy atom effect.

There was a decrease in triplet lifetimes for complex 3 in the pres-
ence of AuNR due to the presence of Ay, a heavy metal, corresponding
to an increase in dr as expected. However, for complex 3 in the pres-
ence of AuNS there was a lengthening of triplet lifetimes. Lengthening
of triplet lifetimes of Pcs in the presence of nanoparticles has been ob-
served before [66] and was attributed to the protection of the Pc by
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Count/ a.u

Residual
o

54

Time (ns)

Fig. 9. Fluorescence decay (blue), y? fitting (red) and IRF (black) curves for complex 3 in
DMSO.

the nanoparticles. The dt in water could not be determined since
water quenches the triplet state.

3.2.3. Singlet Oxygen Quantum Yields

Singlet oxygen is produced when the excited triplet state photosen-
sitizer transfers its energy to ground state molecular oxygen. Thus, sin-
glet oxygen quantum yield (d,) is a measure of the efficiency of the
processes resulting in the generation of singlet oxygen. To determine
the singlet oxygen quantum yield (&, ), the chemical photodegradation
of the singlet oxygen quencher (DPBF) in DMSO (using complex 3) and
(ADMA) in water (using 3-AuNR) was monitored over a period of time
(Fig. 11). The Q-band of complex 3 remained unchanged, proving the
stability of the complex over the irradiation period, while DPBF and
ADMA degraded. A significant increase in singlet oxygen generation
was observed as evidenced by singlet oxygen quantum yield (Table 1)
upon conjugation of complex 3 to gold nanoparticles corresponding to
an increase in triplet quantum yield. Values are low in water due to
aggregation. In addition, water is known to quench the singlet state
[44]. The enhancement observed in 3-AuNR compared to 3-AuNS
could also be due to the advantage of asymmetry in 3-AuNR. The
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Fig. 10. Triplet absorption decay curve (black) and fitting (red) for 3-AuNS in DMSO.
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Fig. 11. Representative spectra for singlet oxygen quantum yield determination using a
photochemical method. The spectra show the degradation of (A) DPBF in the presence
of complex 3in DMSO and (B) ADMA in the presence of 3-AuNR.

enhancement of the singlet oxygen quantum yield on conjugation
shows that this complex may be used for photodynamic therapy in
the presence of different shapes of AuNPs.

3.3. Cell Studies

The in vitro dark cytotoxicity and photodynamic therapy was carried
out as reported in the literature [67].

In vitro dark cytotoxicity and photodynamic therapy of complex 3
and its conjugates with both AuNR and AuNS were tested against
MCF-7 cells. The vehicle control (1.6% DMSO in culture media being
the highest concentration of DMSO used for all photosensitizers used
in this study) was equally tested against MCF-7 cells to assess the effects
of solvent against the cells. The percentage cell viability of the 1.6%
DMSO was relatively the same as the media control alone. Gradient
photosensitizer concentration range of 10 pug/mL to 160 pg/mL for
in vitro dark cytotoxicity and PDT were used. A fixed light dosimetry
of 170 J-cm? was used for the PDT studies.

3.3.1. In Vitro Dark Cytotoxicity

Complex 3 and its conjugates (3-AuNR and 3-AuNS) accounted for
>85% viable cells at concentration < 160 pg/mL which further lay cre-
dence to the innocuous behaviour of phthalocyanine when in dark
without light activation. Dark cytotoxicity is not desirable in PDT
applications as it can result in cytocidal activity against both the healthy
and unhealthy (cancerous) cells. The AuNR alone (Fig. S5, ESI") showed
slight dark toxicity, with >81% viable cells at concentration < 160 pg/mL,
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Fig. 12. Dark toxicity and phototoxicity effects of complex 3 (A), 3-AuNR (B) and 3-AuNS
(C) against epithelial breast cancer cells (MCF-7). Fixed irradiation dose = 170 J-cm?.

and this was attributed to the CTAB adsorbed on the surfaces of the
nanorods. The toxicity of the CTAB-capped nanorod has been reported
before [68-73] and has been attributed to residual CTAB on the surfaces
of the rods and not the rods themselves. It is noteworthy that the pres-
ence of Pcs in the conjugate decrease the dark cytotoxicity observed in
the CTAB-capped nanorods alone. This suggests that most of the CTAB
on the nanorods were replaced by the Pc on conjugation.

3.3.2. Photodynamic Therapy Activity

As earlier stated, a fixed light dosimetry of 170 J-cm? and gradient
photosensitizer concentration range of 10 pg/mL to 160 pg/mL were
used against the MCF-7 cells. Complex 3 alone (Fig. 12A) showed cell vi-
ability >50% at concentrations < 160 pg/mL. This could be attributed to
aggregation in aqueous media, which leads to lower singlet oxygen gen-
eration (&, = 0.08). The nanoparticles alone (Fig. S5. ESI") displayed
phototoxicity attributed to the photothermal activity of gold, known
to be a light absorber for cancer therapy [74,75]. The conjugate, 3-
AuNR (Fig. 12B) afforded superior PDT activity with <50% viable cells
at concentrations 240 ug/mL in comparison with 3-AuNS (Fig. 12C)
with <50% viable cells at concentrations >80 pg/mL. The superior PDT
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activity of 3-AuNR compared to 3-AuNS is attributed to the higher sin-
glet oxygen quantum yield (Table 1), in addition to enhanced
photothermal activity due to the presence of nanorods. It should be
noted that for the PDT studies, excitation was performed at 680 nm
and AuNR (with SPR bands at 519 nm and 662 nm) absorb more light
at this wavelength than AuNS (with SPR bands at 525 nm). The en-
hanced PDT activity for the conjugates compared to complex 3 alone
is attributed to the advantage of photothermal therapy in addition to
the enhanced singlet oxygen quantum yield of the conjugates as
shown in Table 1, due to the presence of Au, a heavy atom and light ab-
sorber, as explained before.

4. Conclusion

Tris-[(2,2,7,7-tetramethyltetrahydro-3aH-bis([1,3]dioxolo)
|4,5-b:4’,5’-d|pyran-5-yl) methoxy)-2-(4-benzo[d]thiazol-2-
ylphenoxyphthalocyaninato] zinc(II) (complex 3) was synthe-
sized and linked to AuNPs through S-Au/N-Au self-assembly.
The conjugates displayed improved triplet and singlet quantum
yields than complex 3 alone; however, 3-AuNR performed bet-
ter than 3-AuNS. Complex 3 and its conjugates showed less
in vitro dark cytotoxicity with >85% viable cells in all the tested
concentrations. 3-AuNR with enhanced photothermal therapy
showed better PDT activity than 3-AuNS. The conjugates (3-
AuNT and 3-AuNT) have potential for application as PS in PDT
for cancer treatment.
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