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In this work tetrakis—[(thiopheneethoxy) phthalocyaninato] zinc(Il) (1), tetrakis—[(thiopheneethoxy)
phthalocyaninato] indium (II) chloride (2), tetrakis [(benzo [d]thiazol-2-yl phenoxy) phthalocyaninato]
zinc(II) (3), and tetrakis [(benzo [d]thiazol-2-yl phenoxy)phthalocyaninato] indium (II) chloride (4) were
linked to both gold nanospheres (AuNSs) and gold nanotriangles (AuNTs) via Au-S and Au-N (the latter
for complexes 3 and 4 only) self assembly. The photophysicochemical behaviour of complexes and their

conjugates were studied. The conjugates yielded improved triplet and singlet quantum yields, with
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nanospheres displaying better properties than nanotriangles. The conjugates with a benzothiazole
phenoxy substituent also yielded better properties than their thiophene ethoxy counterpart. These
conjugates especially those with a benzothiazole phenoxy substituent have potential as photosensitisers
for photodynamic therapy applications.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Metallophthalocyanines (MPcs) are photosensitisers (PS) char-
acterised by high triplet quantum yields and lifetimes [1]
depending on the nature of the central metal and ring substituents
[2,3]. These properties consequently yield high singlet oxygen
quantum yields making MPcs good candidates for photodynamic
therapy (PDT). PDT is a clinically approved, minimally invasive
cancer treatment which requires a PS and light of appropriate
wavelength in the presence of ground state molecular oxygen to
elicit selective destruction of cancer cells [1]. MPcs such as Photo-
sens, Photocyanine and Pc4 are in clinical trials as PSs for PDT [4,5].
Even though successes are being recorded for the PDT activity of
MPcs, some drawbacks which include limited selectivity and
specificity of these PSs towards cancer cells in comparison to
healthy ones still remain [6,7]. It has been shown that conjugation
of the PS to nanoparticles leads to increased selectivity and speci-
ficity [8,9].

Cancer cells preferentially internalise nanoparticles due to the
specific properties of tumours when compared to healthy tissue, a
phenomenon called the enhanced permeability and retention (EPR)
effect [10,11]. The uncontrolled and rapid growth of cancer cells
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leads to the formation of abnormal, leaky, disorganised and loosely-
connected blood vessels with an increased vessel permeability due
to pore sizes of about 100—600 nm compared to 10 nm in healthy
tissue. Nanoparticles can easily permeate through tumour vascu-
lature and once nanoparticles have been internalised, they will be
retained due to the inability of tumours to renew and clean the
interstitial fluid [11—14].

The shape and size of a nanoparticle linked to MPcs governs the
latter's in vivo journey and destination dictating its biodistribution,
targeting, uptake and circulation time in tumour cells [15,16]. A
high cellular uptake has been reported for spherical gold nano-
particles compared to anisotropic counterparts, however the
anisotropic nanoparticles are generally reported to have a higher
circulation time [17—19]. The triangular shaped nanoparticles on
the other hand have shown better cellular uptake compared to
other anisotropic nanoparticles (order of cellular uptake efficiency:
triangles > rods > stars) [20], hence the interest in nanoparticle
shape in this work.

In this work symmetric MPcs containing zinc and indium as
central metals, with benzothiazole phenoxy and thiophene ethoxy
as substituents are linked to gold nanospheres (AuNSs) and gold
nanotriangles (AuNTs) for the first time. The effect of nanoparticle
shape, the central metal and that of substituents on the photo-
physicochemical properties will be explored.

MPcs with In and Zn were chosen because they result in high
triplet state quantum yields through the heavy atom effect, which
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promotes intersystem crossing to populate the triplet state [21].
The benzothiazole phenoxy and thiophene ethoxy substituents on
the other hand, were chosen since both the benzothiazole and
thiophene derivatives have been found to have antitumor activities
[22—26] and this could be advantageous for PDT applications. Both
substituents have a thiol group which can easily interact with gold
nanoparticles.

2. Experimental

Materials and equipment employed are detailed in Supporting
Information.

2.1. Linkage of complexes 1—4 to nanoparticles (Scheme 2)

The syntheses of tetrakis—[(thiopheneethoxy) phthalocyani-
nato] zinc(Il) (1) [27], tetrakis—[(thiopheneethoxy) phthalocyani-
nato] indium (II) chloride (2) [28], tetrakis [(benzo [d]thiazol-2-yl
phenoxy) phthalocyaninato] zinc(Il) (3) [29], tetrakis [(benzo [d]
thiazol-2-yl phenoxy)phthalocyaninato] indium (II) chloride (4)
[30], tetraoctylammonium bromide (TOAB) capped gold nano-
spheres (AuNSs) [31], and hexadecyltrimethylammonium chloride
(CTAC) capped gold nanotriangles (AuNTs) [32] have been previ-
ously reported in literature.

For the synthesis of the phthalocyanine—NPs conjugates com-
plex 1 (0.020g, 0.019 mmol), complex 2 (0.020g, 0.017 mmol),
complex 3 (0.020g, 0.014 mmol), and complex 4 (0.02¢g,
0.013 mmol) were separately dissolved in dry dimethyl formamide
(DMF, 2 mL). Then AuNSs (0.5 mg in 3 mL toluene) were added and
the reaction mixture was stirred for 24 h at room temperature. The
same procedure was followed for AuNTs. The conjugates were
centrifuged, successively washed with ethanol and allowed to dry
in the fume hood. The conjugates are represented as 1-AuNSs, 1-
AuNTs, 2-AuNSs, 2-AuNTs, 3-AuNSs, 3-AuNTs, 4-AuNSs and 4-
AuNTs.

2.2. Photophysicochemical studies

Fluorescence (®f) and triplet (®1) quantum yields were deter-
mined in DMSO using comparative methods described before in
literature [33,34]. Unsubstituted ZnPc in DMSO was used as a
standard with ®r=0.20 [34] and ®1= 0.65 [33]. The solutions for
triplet state studies were de-aerated with argon for 15 min before
measurements.

Singlet oxygen quantum yield (®4) values were determined
under ambient conditions using 1,3-diphenylisobenzofuran (DPBF)

1. M=Zn
2. M=In(Cl)

DMF/24 h
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as a singlet oxygen quencher in dimethylsulfoxide (DMSO), and
anthracene-9,10-bis-methylmalonate (ADMA) in water, and calcu-
lated using equations already described before [35,36]. Unsub-
stituted ZnPc in DMSO was used as a standard (®a(std)=0.67 in
DMSO) [35]. AlPcSmix (containing a mixture of differently
substituted phthalocyanines) was employed as a standard in
aqueous media (®a(std)=0.42 [37]. The absorbances of DPBF or
ADMA were spectroscopically monitored at 417 nm or 380 nm,
respectively, at predetermined time intervals.

3. Results and discussion

Schemes 1 and 2, show the linkage of the Pcs to gold nano-
triangles using complex 1 and 2 as examples, and to gold nano-
spheres using complex 3 and 4 as examples. Complexes 1—4 were
each self-assembled to both AuNTs and AuNSs using the Au-S or
Au-N interactions (the latter for complexes 3 and 4 only).

3.1. Characterization

3.1.1. Electronic absorption spectra of Pc complexes and their
conjugates

Fig. 1A, shows an overlay of the normalised absorption spectra of
AuNTs and AuNSs. The AuNSs are characterised by a surface plas-
mon resonance peak at 526 nm, while AuNTs show two bands at
609 nm and 570 nm, attributed to the in-plane dipole and out-of-
plane dipole resonance of gold nanoplates, respectively, charac-
teristic of AuNTs [38].

The electronic ground state absorption spectra of the conjugates
of complexes 1—4 with both AuNTs and AuNSs are shown in Fig. 1B
and C, with some in Fig. S1 A and B, ESI{. The Pcs alone and con-
jugates showed a typical electronic spectra with two strong ab-
sorption regions, in the UV region between 300 and 400 nm (B
band) and in the visible region between 600 and 750 nm (Q band)
[39]. The red shift in the Q band of complexes 2 and 4 compared to
corresponding 1 and 3 (Table 1), can be attributed to the non-planar
effect of the indium (III) ion, with a relatively bigger atomic radius
than the zinc(Il) ion as the central metal ion in the Pc cavity [40].
The enhanced absorption of the conjugates between the
400—600 nm regions, confirms the presence of gold nanoparticles
(AuNTs and AuNSs). The MPcs alone are generally characterised by
minimum to no absorption within this region. The conjugates with
thiophene ethoxy substituents are slightly red shifted compared to
their benzothiazole phenoxy counterparts, Table 1. This is in line
with their respective Pc complexes when alone.

The Pc and their conjugates are insoluble in water, hence for
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Scheme 1. Synthetic pathways for 1-AuNTs and 2-AuNTs.
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Scheme 2. Synthetic pathways for 3-AuNSs and 4-AuNSs.

studies in water they were first dissolved in 50 uL DMSO and then
diluted with water to 5mL (1% (v/v) DMSO in water). Studies in
aqueous media are important for biological applications especially
in PDT. The MPcs alone and their conjugates (Fig. S2, ESIT) were
extensively aggregated in water (containing 1% DMSO) as shown by
broadened Q bands. Aggregation in Pcs is attributed to ®—m
stacking interactions of the aromatic rings of Pcs [39]. The loading
of complexes 1 to 4 onto the nanoparticles was investigated
following literature methods [41]. Briefly this involved comparing
the Q band absorbance intensity of the MPc in the conjugate with
that of the MPc before conjugation. The loading values are shown in
Table 1. The loading for AuNTs was less compared to that of AuNSs.
This could be due to the plate like nature of these nanotriangles
(also termed nanoplates) that tends to stack on each other face-to-
face or edge to edge [42] in addition to the large edge length
(52.7 nm, from TEM to be discussed below). This reduces the
loading capacity of the nanoparticles. The loading capacity is
greatly influenced by the nanoparticle surface area [43], which in
this case is greatly affected by the particle size and aggregation [44].
The small AuNS size could be the reason for the high loading
compared to the relatively large AuNTs.

An overlay of the normalised emission, excitation and absorp-
tion spectra of 1-AuNSs is shown in Fig. 2, as an example. The
ground state electronic absorption and excitation spectra of Pcs are
usually similar, however the slight differences observed in the
conjugates are attributed to the absorbance by the gold nano-
particles in the conjugate. The emission spectra were mirror images
of the excitation spectra as expected.

3.1.2. TEM images

The TEM micrographs and the size distribution bar graphs of
AuNTs and AuNSs are shown in Fig. 3. The nanoparticles appear
mostly monodispersed. The edge length of AuNTs was averaged to
52.7 nm and the AuNSs had an average diameter of 15.2 nm. Upon
conjugation of the NPs to complexes there was considerable ag-
gregation. Aggregation upon conjugation could be due to m-7
interaction from adjacent Pcs [39].

3.1.3. XRD studies

Fig. 4 shows the powder XRD patterns of AuNSs, 1-AuNSs and 2-
AuNSs which were used as examples. The NPs and their conjugates
displayed a powder diffraction pattern resembling a face centered
cubic crystal (FCC) structure, characteristic of metallic gold. Well-
defined crystalline peaks at 20 =38.2, 44.1, 63.9, 77.1 and 81.1°,

assigned to the 111, 200, 220, 311 and 222 planes characteristic of
gold [45] were observed (Fig. 4), confirming its presence. Also
observed were broad peaks between 20 =12—22° in the conju-
gates, characteristic of the amorphous nature of phthalocyanines
[46] confirming their presence. The Debye-Scherrer equation (1)
[47], was employed for the estimation of the size of the AuNSs:

kA

" PBcosO M
where 1 is the wavelength of the X-ray source (1.5405A), k is an
empirical constant equal to 0.9, § is the full width at half maximum
of the diffraction peak and ¢ is the angular position. The sizes
(diameter) were estimated to be 14.9 nm (AuNSs), 17.7 nm (1-
AuNSs), 17.2 nm (2-AuNSs), 16.9nm (3-AuNSs), 17.6 (4-AuNSs).
There is an increase in the size of the NPs upon coordination to the
Pcs, probably due to aggregation as discussed above.

3.14. EDX spectra

The elemental compositions of the nanoparticles, MPcs and
conjugates were qualitatively determined using an energy disper-
sive X-ray spectrometer (EDX) and Fig. 5 shows the spectra for
AuNSs, 3-AuNSs and 4-AuNSs as examples. The NPs alone showed
the presence of C and Au (the carbon is from the capping agent),
while all conjugates showed C, N, O, S, Au in addition to their
respective central metals, that is Zn for the zinc conjugate and in-
dium together with chlorine for the indium conjugate.

3.1.5. XPS spectra

The possible interaction between nanoparticles and complexes
was assessed using high resolution XPS analysis, using complex 3
and 3-AuNTs as examples. The Pc complexes alone were deconvo-
luted into two peaks (using complex 3 alone as an example) for
both the S 2p and N 1s, corresponding to —S—C— (161.9 eV), —S—
(163.0eV) (Fig. 6A), —N—C— (396.2eV) and —N— (397.3eV),
Fig. S3A, ESIf. The conjugates were deconvoluted into three peaks
(using 3-AuNTs as an example), attributed to —S—C— (161.8 eV),
—S— (163.0eV), —S—Au— (166.7 eV) for the S 2p (Fig. 6B), -N—C—
(396.2eV), —N— (397.5eV) and —N—Au— (402.9eV) for the N 1s
peak (Fig. S3B, ESI'). The S-Au and N-Au peaks indicate the suc-
cessful linkage of complexes to nanopaticles via S-Au and N-Au
interactions.
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Fig. 2. Emission (a), excitation (b) and absorption (c) spectra of 1-AuNSs (excita-
tion = 610 nm, solvent = DMSO).

3.2. Photophysicochemical parameters

The fluorescence quantum yields (®g) and lifetimes (tg), triplet
quantum yields (®7) and lifetimes (1), as well as singlet oxygen
quantum yields (®5) in DMSO for complexes 1—4 alone (from
literature) [28,30] and after conjugation with AuNTs and AuNSs are
shown in Table 1. The singlet oxygen quantum yields (®5) was also
determined in water (containing 1% DMSO) and the values are also
indicated in Table 1.

3.2.1. Fluorescence quantum yields (®f) and lifetimes (7f)

The indium atom quenches the fluorescence lifetime and lowers
the fluorescence quantum yield of Pcs more than is the case with
the zinc atom as shown by very low values of ®f and g, for com-
plexes 2 and 4 and their conjugates, Table 1. This is attributed to the
heavy atom effect since indium is heavier than zinc. Linkage to
AuNSs and AuNTs resulted in reduction in ®f of the Pcs (Table 1), as
expected due to the heavy atom effect of gold, which promotes
intersystem crossing to the triplet state thus reducing fluorescence.

The shape and size of the nanoparticles seems to have an effect
on the fluorescence behaviour of dyes. For complexes 1 and 3, the
conjugates to nanospheres displayed low ®r compared to their
nanotriangle counterparts. This may be attributed to the smaller
size of the AuNSs (15.2 nm, diameter) compared AuNTs (52.7 nm,
edge length). Smaller NPs have been shown to exhibit a greater
fluorescence quenching effect [48]. Additionally, nanospheres
resulted in more loading of complexes than nanotriangles, Table 1,

Table 1

Photophysicochemical parameters of complexes 1—4 and their conjugates in DMSO.
Samples Pc loading (ug/mg) Aabs (NM) (Pr) Tr (nS) To(nSs) (®1) o1 (1s) ®," (+0.01)

(+0.01) (+0.01) (+0.02) (+1.00)

1 682 0.15 3.12 20.8 0.47 306 0.33 (0.07)
1-AuNSs 37 682 0.08 2.92 36.5 0.61 202 0.46 (0.08)
1-AuNTs 24 681 0.12 2.98 248 0.53 214 0.39 (0.07)
2 695 0.02 0.88 44.0 0.60 225 0.42 (0.08)
2-AuNSs 29 695 <0.01 0.55 — 0.70 78 0.60 (0.11)
2-AuNTs 17 694 <0.01 0.69 - 0.64 86 0.52 (0.09)
‘3 679 0.17 3.08 181 0.59 149 0.50 (0.07)
3-AuNSs 22 680 0.14 2.63 18.8 0.68 188 0.56 (0.10)
3-AuNTs 19 679 0.16 2.87 179 0.62 199 0.53 (0.08)
‘4 690 0.03 0.78 26.0 0.75 55 0.64 (0.12)
4-AuNSs 32 692 <0.01 0.49 — 0.86 67 0.74 (0.15)
4-AuNTs 20 693 <0.01 0.58 - 0.81 72 0.69 (0.13)

@ Literature values [28,30].
> numbers in brackets are the values in water containing 1% DMSO (v/v).
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this could result in more aggregation. Aggregates are known to
convert electronic excitation energy to vibrational energy which
consequently decreases the fluorescence quantum yield of mole-
cules [49]. It should be noted that MPcs can assume different
conformations around the NPs. The distance or orientation be-
tween the fluorophore (MPc) and the metallic nanoparticles has
been shown to have an effect on their fluorescence properties [50].
For 2 and 4, the ®f values were too low to be compared.

The conjugates displayed a bi-exponential decay, hence exis-
tence of two lifetimes (Fig. 7, using 1-AuNTs as example) and this
could be due to different orientations of the MPcs on the NPs [51].
The average lifetimes for the conjugates are presented in Table 1. As
expected the fluorescence lifetimes decreased with the decrease in

dr since the two have a direct relationship. Following the kinetic
model, the excited state lifetimes are directly related to the radia-
tive lifetime (7o) hence these were determined using the measured
fluorescence quantum yield (®g) and lifetime (7¢) as shown in
equation (2) [52,53].

TF

- & 2)

70

With this model, increase in radiative lifetime will result in a cor-
responding increase in fluorescence lifetime and a decrease in
fluorescence quantum yield. This suggests that a decrease in fluo-
rescence quantum yield can be significantly higher than the cor-
responding fluorescence lifetime. Indeed, all the complexes and the
corresponding conjugates having high radiative lifetime showed
lower fluorescence quantum yield (Table 1) in accordance with the
model.

3.2.2. Triplet quantum yields (®1) and lifetimes (77)

A representative transient curve of the conjugate 1-AuNTs (as an
example) is shown in Fig. 8A. All complexes and conjugates showed
a negative absorption in the Soret and Q band region, attributed to
the depletion of the phthalocyanine ground state. A broad positive
absorption centered near 500 nm was attributed to the triplet-
triplet absorption (T — Ty [54].

The triplet state quantum yield (&) is an important property of
MPcs for application in PDT. It represents the fraction of molecules
that undergoes intersystem crossing to the triplet excited state and
this greatly influences the singlet oxygen production. Fig. 8B, shows
the triplet decay curve of the conjugate 1-AuNSs (as an example).
The triplet decay curve obeyed second order kinetics, typical of MPc
complexes at high concentration, due to triplet—triplet recombi-
nation [55].

Complexes 2 and 4 displayed much larger &1 values compared
to the corresponding complexes 1 and 3 due the differences in the
central metal. Indium a heavier atom than zinc results in compar-
atively faster intersystem crossing to the triplet state due to the
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heavy atom effect, consequently increasing the triplet state popu-
lation. The conjugates displayed further increase in &t (Table 1)
compared to Pcs alone due to the presence of gold, a heavy atom as
explained before. The AuNSs conjugates displayed higher ®t values
than their corresponding AuNTs counterparts due to increased
loading. The MPcs with the benzothiazole phenoxy groups (com-
plexes 3 and 4), displayed high &1 compared to the corresponding
thiophene ethoxy groups (complexes 1 and 2) suggesting that the
former promotes intersystem crossing to the triplet state more than

the latter. There was shortening of lifetimes for complexes 1 and 2
in the presence of the NPs, as expected since high &1 values are
usually accompanied by short triplet lifetimes; however, this is not
the case for complexes 3 and 4 (both with the benzothiazole phe-
noxy group) in the presence of NPs suggesting the protection of the
complexes by the NPs. The lengthening of lifetimes for complexes
linked to AuNTs when compared to AuNSs also suggest that the
larger AuNTs (52.7 nm edge length) protected complexes more than
the smaller AuNSs (15.2 nm). The @ of the conjugates in water
could not be obtained due to aggregation of phthalocyanines in
water, however the reasonable high &t in DMSO especially for
complexes 3 and 4 in the presence of NPs makes them suitable for
all applications that require a high &,

3.2.3. Singlet oxygen quantum yields (¢ 4)

Singlet oxygen is produced when the MPc in its excited triplet
state transfers its energy to ground state molecular oxygen. This is
quantitatively determined as the singlet oxygen quantum yield
(®y). 4 values were determined by monitoring the chemical
photodegradation of the singlet oxygen quenchers; DPBF in DMSO
(using 4-AuNTs) and ADMA in water (using 1-AuNSs) over a period
of time (Fig. 9). In all complexes and conjugates studied, the Q-band
remained unchanged, proving the stability over the irradiation
period, while DPBF and ADMA degraded.

As expected, the ®, values (Table 1) followed the same trend
observed for the &7 values, since singlet oxygen formation is
dependent on the ®r value. The values in water are lower due to
aggregation as shown by the broadening of the Q-band (Fig. S2).
Wiater is known to quench the singlet state [56] mainly because
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Fig. 9. The UV-Vis spectra showing the degradation of (A) DPBF in the presence of 4-
AuNTs in DMSO and (B) ADMA in the presence of 1-AuNSs in water containing 1% (v/v)
DMSO.
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aggregation reduces the excited state lifetimes and the photo-
sensitizing efficiency, due to enhanced radiationless decay which
therefore lowers the quantum yields of the triplet excited states
and hence the singlet oxygen generation. In addition, oxygen has
higher solubility in many organic solvents compared to water [57],
which could be responsible for low singlet oxygen generation in
water.

The enhancement of the singlet oxygen quantum yield on
conjugation shows that the Pc complexes may be used for photo-
dynamic therapy in the presence of different shapes and sizes of
AuNPs. PS such as lutetium texaphyrin with low ®, values in water
(0.11) have been employed for clinical application in PDT [58],
hence these conjugates can still be applicable in PDT.

4. Conclusion

Complexes 1—4 were linked to both AuNTs and AuNSs through
S-Au (and N-Au for 3 and 4) self-assembly. The formed conjugates
were characterised using UV/vis absorption and emission spec-
trometer, XRD and EDX. The photophysicochemical behaviour of Pc
complexes alone and their conjugates were studied. The conjugates
displayed improved triplet and singlet quantum yields than com-
plexes alone. On the other hand, the conjugates to nanospheres
displayed improved triplet and singlet quantum compared to
nanotriangles. The conjugates especially those with the benzo-
thiazole phenoxy groups displayed ®4 values in water >0.10, hence
they have potential as PS for PDT applications.
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