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Glutathione (GSH) capped Au nanotriangles (AuNTs-GSH) and nanospheres (AuNSs-GSH) are covalently linked
to symmetric Zn phthalocyanine (ZnPc) substituted with phenoxy propanoic acid substituents only (complex 1)
and two asymmetric ZnPc, each containing one phenoxy propanoic acid and three benzothiazole phenoxy
moieties (complex 2), and one phenoxy propanoic acid and no other ligands (complex 3). The photo-
physicochemical behaviour of Pc complexes and their conjugates were studied. All conjugates displayed im-
proved triplet and singlet oxygen quantum yields with decreases in fluorescence quantum yields compared to

their respective Pc complexes. The conjugates of asymmetric complexes 2 and 3, afforded much higher triplet
and singlet oxygen quantum yields compared to the symmetric complex 1, and could serve as good candidates

for photodynamic therapy.

1. Introduction

Metallophthalocyanines (MPcs) are dyes that have found use as
photosensitisers (PS) in applications such as photodynamic therapy
(PDT) [1-3], photodynamic antimicrobial chemotherapy (PACT) [4-6],
photodegradation of pollutants [7] and nonlinear optics [8]. The pre-
sence of heavy atoms in the central cavity of Pcs promotes intersystem
crossing to a triplet state [9]. The triplet state reacts with the ground
state molecular oxygen via energy transfer to form singlet oxygen and
other reactive oxygen species that can destroy cancer cells and patho-
genic microbes. The efficiency of singlet oxygen generation of a PS is
important in applications such as in PACT, PDT and photodegradation
of pollutants [10].

Selective accumulation of the PS to cancerous cells is paramount in
PDT applications [11,12], and as a result, studies on the use of nano-
carriers are on the increase. Gold nanoparticles have been linked to
MPcs as nanocarriers for improved targeting through the enhanced
permeability and retention (EPR) effect [13]. The attractiveness of gold
as a nanocarrier emanates from its biocompatibility, inertness and non-
toxicity within biological systems [14]. Its ability to improve the pho-
tophysical and photochemical properties of MPcs through the heavy
atom effect is an added advantage.

This work reports on the covalent linkage of symmetric (complex 1)
and asymmetric (complexes 2 and 3) zinc phthalocyanines to glu-
tathione functionalized gold nanotriangles (AuNTs-GSH) and
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nanospheres (AuNSs—-GSH). Zinc phthalocyanines are employed in this
work since they are known to possess high triplet and singlet oxygen
quantum yields. We then compare the photophysical behaviour of the
gold conjugates of the symmetric ZnPc (with phenoxy propanoic acid
substituents only, complex 1) and those of two asymmetric ZnPc, each
containing one phenoxy propanoic acid and three benzothiazole phe-
noxy moieties for complex 2, and no other groups for complex 3.
Porphyrins containing propanoic acid (such as the Uroporphyrins) have
been successfully applied for PDT [2], hence the interest in Pcs con-
taining propanoic acid substituents, additionally Pc complexes con-
taining phenoxy propanoic acid displayed reasonably high triplet and
singlet oxygen quantum yield [15,16]. The covalent linkage of gold
nanotriangles to phthalocyanines is reported for the first time and this
is further compared with covalent linkage of the corresponding
phthalocyanines with gold nanospheres. The conjugates of phthalo-
cyanies (Pc) with gold spheres (AuNS) have been compared with those
of rods, stars and bypyramids [17], however we compare for the first
time the conjugates of spheres with those of triangles. Gold nano-
triangles were reported to display better cellular uptake compared to
other anisotropic nanoparticles (order of cellular uptake efficiency:
triangles > rods > stars [18]), while on the other hand a simulation
model of gold nanoparticles demonstrated the highest uptake of na-
nospheres compared to rods, cubes and disks [19]. An efficient cellular
uptake is good for applications in photodynamic therapy. For the
covalent linkage, the carboxylic acid of the Pcs was linked to the amino
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Scheme 1. Illustration of Synthetic pathways for 1-AuNTs-GSH, 2-AuNTs-GSH and 3-AuNTs.

group of the glutathione functionalized nanoparticles via an amide
bond.

2. Experimental
2.1. Materials

Ultra-pure water (from a Milli-Q Water System, Millipore Corp,
Bedford, MA, USA), 1,3-diphenylisobenzofuran (DPBF), N,N’-dicyclo-
hexylcarbodiimide (DCC), 4-(dimethylamino)pyridine (DMAP), an-
thracene-9,10-bis-methylmalonate (ADMA) and zinc phthalocyanine
(ZnPc) were purchased from Sigma-Aldrich. Absolute ethanol and
methanol were purchased from SAARCHEM. Dimethyl sulphoxide
(DMSO) and N,N-dimethyl formamide (DMF) were purchased from
Merck. All other reagents and solvents were obtained from commercial
suppliers and used as received. AlPcSmix (mixture of sulfonated deri-
vatives) was used as a standard for singlet oxygen quantum yields and
was synthesized according to literature methods [20]. The syntheses of
complexes 1 [15], 2 [16], and 3 [15], and of glutathione (GSH) func-
tionalized gold nanospheres (AuNSs) [21] and gold nanotriangles
(AuNTs) [22], have been reported.

2.2. Equipment

Ground state electronic absorption was measured using a Shimadzu
UV-2550 spectrophotometer. Infrared spectra were acquired on a
Bruker ALPHA FT-IR spectrometer with universal attenuated total re-
flectance (ATR) sampling accessory. Fluorescence excitation and
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emission spectra were measured on a Varian Eclipse spectrofluorometer
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) [15,16].

Triplet quantum yields were determined using a laser flash photo-
lysis system consisting of a LP980 spectrometer with a PMT-LP detector
and an ICCD camera (Andor DH320T-25F03). The signal from a PMT
detector was recorded on a Tektronix TDS3012C digital storage oscil-
loscope. The excitation pulses were produced using a tunable laser
system consisting of an Nd: YAG laser (355nm, 135mJ/4-6ns)
pumping an optical parametric oscillator (OPO, 30 mJ/3-5ns) with a
wavelength range of 420-2300 nm (NT-342B, Ekspla).

Irradiation for singlet oxygen quantum yield determinations were
performed using a general electric quartz lamp (300 W) as described in
the literature [23]. 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 2571,

X-ray powder diffraction patterns were recorded using a Cu K ra-
diation (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. Transmission electron microscope
(TEM), ZEISS LIBRA® model 120 operated at 90 kV was used for the
assessment of morphologies of the nanoparticles (NPs) and their con-
jugates. Elemental compositions of the NPs and the conjugates were
qualitatively determined using energy dispersive X-ray spectroscopy
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Scheme 2. Illustration of Synthetic pathways for 1-AuNSs-GSH, 2-AuNSs-GSH, and 3-AuNSs-GSH.

(EDX), INCA PENTA FET coupled to the VAGA TESCAM operated at
20 kV accelerating voltage.

2.3. Linkage of complexes 1 and 2 to AuNTs-GSH (Scheme 1) and AuNSs-
GSH (Scheme 2)

AuNTs [22] and AuNSs [21] were synthesized and functionalized
with glutathione as reported in the literature. The Pc complexes were
covalently linked to the NPs to form conjugates as follows: complex 1
(0.021g, 0.017 mmol), complex 2 (0.023g, 0.016 mmol), and 3
(0.012 g, 0.016 mmol) were separately dissolved in 2 mL of dry DMF.
The coupling agents, DCC (0.01 g, 0.049 mmol) and DMAP (0.005 g,
0.042 mmol) were added to activate the carboxylic acid group of the Pc
complexes to allow for covalent linkage to NPs via amide bond for-
mation. The reaction mixtures were stirred for 48 h at room tempera-
ture after which 0.05g of AuNTs-GSH was added and the reaction
mixture was further stirred for 48 h. The same protocol was employed
for AuNSs-GSH. The conjugates (1-AuNTs-GSH, 1-AuNSs-GSH, 2-
AuNTs-GSH, 2-AuNSs-GSH, 3-AuNTs-GSH, and 3-AuNSs-GSH) were
precipitated out with methanol and centrifuged. The precipitates were
purified by washing with ethanol (with centrifuging) and allowed to
dry in the fume hood.
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2.4. Photophysicochemical studies

Fluorescence (®r) and triplet (&) quantum yields of Pc complexes
and the conjugates were determined in DMSO using comparative
methods described before in literature [24,25]. Unsubstituted ZnPc in
DMSO was used as a standard with ®z = 0.20 [24] and & = 0.65 [26].
The solutions for triplet state studies were de-aerated with argon for
15 min before measurements.

Singlet oxygen quantum yield (®,) values were determined under
ambient conditions using DPBF as a singlet oxygen quencher in DMSO
(and ADMA in water) and equations described before [27,28]. ZnPc in
DMSO was used as a standard (®xsiqy = 0.67 in DMSO) [27]. AlPcSmix
was employed as a standard in aqueous media (®acstay = 0.42 [25]).
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 NPs and conjugates

Schemes 1 and 2 show the covalent linkage of Pc complexes to
AuNTs-GSH and AuNSs-GSH respectively via an amide bond between
the carboxylic acid of the propanoic acid substituents and the amino
group of glutathione in glutathione functionalized gold nanoparticles.
Complex 2 also has a benzothiazole substituent which contains sulphur,
known for its affinity for gold. It should however be noted that the
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Fig. 1. UV-vis absorption of (A) AuNSs-GSH (a), AuNTs-GSH (b), (B) complex 1 (a), 1-AuNSs-GSH (b), 1-AuNTs-GSH (c), (C) complex 2 (a), 2-AuNSs-GSH (b), 2-
AuNTs-GSH (c), (D) complex 3 (a), 3-AuNSs-GSH (b), 3-AuNTs-GSH (c) in DMSO.

Table 1

Photophysicochemical parameters of complexes 1, 2 and their conjugates in DMSO.
Samples Size (TEM) (nm)” Pc loading (ug/mg) Aabs(nm) D+ 0.01) TE(ns) (= 0.01) @1 (= 0.01) (DMSO) TI(us) (= 1.00) @y (+ 0.0 "
1 - - 680 0.19 3.36 0.54 264 0.47 (0.07)
1-AuNTs-GSH 34.9 (33.2) 22 680 0.13 3.05 0.68 244 0.59 (0.14)
“1-AuNSs-GSH 14.9 (13.6) 27 679 0.03 2.87 0.70 305 0.58 (0.15)
2 - 680 0.15 2.86 0.73 238 0.69 (0.15)
2-AuNTs-GSH 37.1 (33.2) 30 681 0.08 2.30 0.83 229 0.75 (0.20)
2-AuNSs-GSH 19.8 (17.7) 37 679 0.06 2.24 0.90 216 0.79 (0.22)
3 675 0.18 3.21 0.73 233 0.55 (0.12)
3-AuNTs-GSH 36.9 (33.2) 16 673 0.06 3.09 0.80 247 0.69 (0.17)
“3-AuNSs-GSH 13.8 (13.6) 20 674 0.02 2.98 0.87 262 0.72 (0.23)

@ Sizes as edge length for AuNTs-GSH and diameter for AuNSs-GSH; numbers in brackets are the sizes in nm for AuNTs-GSH or, AuNSs-GSH alone.

b

¢ Literature values for 1 and 3 [15], for 2 [16].
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Fig. 2. Emission (a), excitation (b) and absorption (c) spectra of 2-AuNTs-GSH
(excitation = 609 nm, solvent = DMSO).
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numbers in brackets are the values in water and for complexes alone (1, 2 and 3) the values are in water containing 0.5% DMSO.

presence of the capping agent, GSH, reduces the Au-S interactions. At
the same time, the activated carboxylic acid moieties of 2 are expected
to interact with the NH, group of GSH faster than the possible inter-
action of sulphur in benzothiazole with Au in glutathione functiona-
lized gold nanoparticles.

Though the Pc complexes alone are not water soluble, the presence
of glutathione in nanoparticles makes the conjugates readily soluble in
water, which is important for practical applications. However, singlet
oxygen determinations of the Pc complexes alone in water were carried
out using 0.5% DMSO in water.

3.1.1. Electronic Absorption and emission spectra of complexes and their
conjugates

The surface plasmon peaks of AuNTs—-GSH and AuNSs-GSH (Fig. 1)
were observed at 607 nm (dipole peak) and 532 nm, respectively. The
AuNTs-GSH also displayed a shoulder peak at 600 nm, and this could
be attributed to the presence of another size (smaller) of nanotriangles.
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Fig. 4. XRD diffractograms for AuNSs-GSH, 1-AuNSs-GSH and 1-AuNTs-GSH.

The electronic absorption spectra of 1, 2 and 3 and their conjugates
with both AuNTs-GSH and AuNSs-GSH are shown in Fig. 1. The Q
bands for 1 and 2 are red shifted compared to 3, Table 1. For complex 2
the red-shifting is due to the presence of S and N atoms which are
known to red-shift the Q band [23]. The Pc complexes alone display
minimum to no absorption between 400 nm and 600 nm; however,
upon linkage to AuNPs there was enhancement of absorption especially
between the 400-650 nm regions, confirming successful linkage. The
linkage of AuNSs-GSH to complexes 1 and 2 red shifted the SPR peak
from 532nm to 535nm (Fig. 1B(b)) and 549 nm (Fig. 1C(b)), for 1-
AuNSs-GSH and 2-AuNSs-GSH, respectively, while 3-AuNSs-GSH was
blue shifted at 530 nm (Fig. 1D(c)). The red shifting is usually asso-
ciated with an increase in size of the nanoparticles after linkage to Pc
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complexes [21], however it should be noted that aggregation can also
lead to an increase in size. The SPR peaks for 1-AuNTs-GSH, 2-AuNTs-
GSH, and 3-AuNTs-GSH overlapped with the vibronic band of the
phthalocyanines, hence the peaks are not clear. In water (Fig S1B,
ESIT), the conjugates display broad bands due to aggregation typical of
Pcs in aqueous solution [29] resulting from m—r electron interaction of
the aromatic rings of Pcs.

The loading of complexes 1 to 3 onto the nanoparticles was in-
vestigated following literature methods [30]. This involves comparing
the Q band absorbance intensity of the Pc in the conjugate with that of
the initial Pc before the conjugation. The loadings of Pc onto nano-
particles are listed in Table 1. There is less loading for the AuNTs
compared to AuNSs. Nanotriangles (also termed nanoplates) have a
tendency to stack on each other face-to-face or edge to edge [31], and
this could be the reason for less loading compared to nanospheres.

The emission, excitation and absorption spectra of 2-AuNTs-GSH (as
an example) are shown in Fig. 2. The emission spectra were mirror
images of the excitation spectra. The ground state electronic absorption
and excitation spectra of Pcs are usually similar, however slight dif-
ferences are observed in the conjugates probably due to the absorbance
by the AuNPs.

3.1.2. FTIR spectra

The FTIR spectra (Fig. 3, using AuNTs-GSH, 1-AuNTs-GSH and
complex 1, as examples) were employed to prove amide bond formation
between the Pc complexes and the NPs. The FTIR spectrum of AuNTs-
GSH exhibited characteristic primary carboamide double peaks at
1529-1585cm ™! and 3260-3313 cm ™! which changed to single (sec-
ondary carboamide) peaks at 1540 cm ™! and 3248 cm ™ ?, respectively
on linkage of AuNTs-GSH to complex 1, confirming the formation of an
amide bond between glutathione functionalized NPs and the Pc com-
plexes. Also observed was the disappearance of peaks at 1706 cm ™! and
1603 cm ™! in complex 1 and 1629 cm ™' in AuNTs-GSH. Shifts and
changes in the IR bands confirm structural change [32]. An amide peak
was observed at 1655cm ™! after conjugation; however, it should be
noted that GSH alone has amide bonds shown by peaks at 1654 cm ~*
and 1629 cm ™! in AuNTs-GSH.

The same trend was also observed for the conjugates 1-AuNSs-GSH,
2-AuNSs-GSH, 2-AuNTs-GSH, 3-AuNSs-GSH and 3-AuNTs-GSH,

3.1.3. XRD studies

Fig. 4 shows the powder XRD patterns of AuNSs-GSH, 1-AuNSs-GSH
and 1-AuNTs-GSH, used as examples. The XRD diffraction patterns are
characterized by well-defined crystalline peaks at 260 = 38.1, 43.9,
64.5, 77.4 and 81.0°, assigned to the 111, 200, 220, 311 and 222
planes, corresponding to the face centered-cubic structures of metallic
gold [33], confirming its presence. Broad peaks between 26 = 15-23°,
characteristic of the amorphous nature of phthalocyanines [34] were
observed, which provides evidence for the presence of the phthalo-
cyanines in the conjugates.

3.1.4. TEM

The TEM micrographs of AuNTs-GSH, 1-AuNTs-GSH are shown in
Fig. 5A,C, respectively, and those of AuNSs-GSH, 1-AuNSs-GSH in
Fig. 5B,D, respectively. The AuNTs-GSH and AuNSs-GSH are mostly
monodispersed when alone and show aggregation after linkage to Pcs.
Aggregation is common in the Pc-NP conjugates, and is mostly attrib-
uted to m-m stacking that can occur between the Pcs on adjacent NPs.
Pcs are known for their ni-t stacking tendency to form H aggregates
[29]. The average sizes of the NPs (edge lengths for AuNTs-GSH and
diameter for AuNSs-GSH) and their conjugates are displayed in Table 1.
Increase in size was observed in all conjugates due aggregation as dis-
cussed above.

3.1.5. EDX

The elemental compositions of the nanoparticles, Pcs and
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Fig. 5. Representative TEM micrographs for AuNTs-GSH (A), AuNSs-GSH (B), 1-AuNTs-GSH (C), and 1-AuNSs-GSH (D).

conjugates were qualitatively determined using an energy dispersive X-
ray spectrometer (EDX) and Fig. 6 shows the spectra for AuNTs-GSH,
complex 2 and 2-AuNTs-GSH as examples. The EDX spectra for AuNTs-
GSH showed the presence of C, N, O, S and Au, while complex 2 showed
C, N, O, S and Zn as expected for this Pc. The spectrum for 2-AuNTs-
GSH displayed C, N, O, S, Au and Zn, confirming the presence of both
the nanoparticle and the phthalocyanine.

3.2. Photophysicochemical parameters

The fluorescence quantum yields (®g) and lifetimes (tg), triplet
quantum yields (®1) and lifetimes (t1), and singlet oxygen quantum
yields (®,) of complexes 1, 2, and 3 alone, and their conjugates using
DMSO (and in water in brackets) are as displayed in Table 1.

3.2.1. Fluorescence quantum yields (¥r) and lifetimes (z5)

When comparing Pcs alone, complexes 1 and 3 containing no ben-
zothiazole phenoxy groups, have about the same ®p values which is
higher than for 2, suggesting quenching by benzothiazole substituent
for the latter. On covalent linkage to AuNSs-GSH and AuNTs-GSH, all
Pcs exhibited reduced @y (Table 1), as expected due to the heavy atom
effect of gold, which promotes intersystem crossing to the triplet state
thus reducing fluorescence. The AuNSs-GSH conjugates showed lower
@ than their corresponding AuNTs-GSH conjugates, probably due to
the higher number of Pcs loaded on the former compared to the latter.
The higher number of Pcs could lead to aggregation, resulting in
quenching of fluorescence.

Fluorescence behaviour of dyes in the presence of nanoparticles has
been shown to be affected by the size of the nanoparticles [35], with the
smaller NPs exhibiting a greater quenching effect. This is observed in
this work where 1-AuNSs-GSH and 3-AuNSs-GSH, with relatively
smaller size of the NSs compared to 2-AuNSs-GSH, have smaller ®g
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values, Table 1. This also applies when comparing the larger size of
AuNTs-GSH (33.2 nm-edge length) with the smaller AuNSs-GSH (17.7/
13.6 nm diameter), where there is more quenching of ®r for complexes
in the presence of the latter.

The conjugates displayed a bi-exponential decay, hence existence of
two lifetimes (Fig. 7, using 3-AuNTs-GSH as example), possibly due to
different orientations of the phthalocyanines on the NPs [36]. The
average lifetimes for the conjugates are presented in Table 1. The
fluorescence lifetimes decreased with the decrease in ®g since the two
have a direct relationship.

3.2.2. Triplet quantum Yyields (&) and lifetimes (z1)

The @ greatly influences the singlet oxygen production, thus high
®r, corresponding to low ®p signal a more efficient intersystem
crossing, an attractive feature for photosensitizers. The triplet decay
and transient curve of the conjugate 1-AuNTs-GSH,( as an example) are
shown in Fig. 8. The transient curve is characterized by a broad band
between 380 and 600 nm with a peak at 500 nm, attributed to the tri-
plet-triplet state excited absorption (T;—Ty,. The negative peaks shown
around 358nm and 681 nm are attributed to the depletion of the
phthalocyanine's ground state [37]. The triplet decay curve obeyed
second order kinetics, typical of MPc complexes at high concentration,
due to triplet—triplet recombination [38]. Comparing Pcs alone, the
asymmetrical complexes 2 and 3 show a much larger ®1 values com-
pared to 1. Asymmetry is known to introduce distortions [39], resulting
in faster intersystem crossing to the triplet state, consequently in-
creasing the triplet state population. The conjugates of Pcs with NPs
generally displayed further increased ®r (Table 1) than Pc complexes
alone, corresponding to the low ®g, due to the presence of gold, a heavy
atom as explained before. AuNTs-GSH conjugates displayed lower &t
values than their corresponding AuNSs-GSH counterparts. The lower ®r
of AuNTs-GSH conjugates was attributed to less loading which probably
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Fig. 6. EDX spectra of AuNTs-GSH, complex 2, and 2-AuNTs-GSH.
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Fig. 7. Fluorescence decay (blue), Xz fitting (red) and IRF (black) curves for 3-
AuNTs-GSH in DMSO.

was influenced by size and the tendency of nanotriangles to stack on
each other as explained before. The @t of the conjugates in water could
not be obtained due to aggregation of phthalocyanines in water.

3.2.3. Singlet oxygen quantum Yyields

Singlet oxygen is produced when the PS in the excited triplet state
transfers its energy to the molecular oxygen. The ®, parameter shows
the efficiency of singlet oxygen production. For the determination of
the singlet oxygen quantum yield (®,), the chemical photodegradation
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of singlet oxygen quenchers (DPBF in DMSO and ADMA in aqueous
media (using 2-AuNTs-GSH as an example)) were monitored over a
period of time (Fig. 9). The Q-band remained unchanged, proving their
stability over the irradiation period, while the DPBF and ADMA bands
degraded.

The @, followed the same trend observed in @ since the ®, value is
dependent on the @y parameter, as previously stated. It should be noted
that for studies in aqueous media, water alone was used for the con-
jugates since they are readily soluble as explained before, but for the Pc
complexes alone which are insoluble in water, 0.5% (v/v) DMSO in
water was used. Due to aggregation, the values in water are low how-
ever they still maintained the trend regardless of the slight differences
in the solvent system used. PS with low ®, such as lutetium texaphyrin
(®5 = 0.11) have been employed for clinical application in PDT [2],
hence the @, values for all conjugates shows that they may be used for
PDT applications in the presence of both spherical and triangular
AuNPs.

4. Conclusion

In this work, the covalent linkage of AuNTs-GSH and AuNSs-GSH to
complexes 1 to 3 via an amide bond is reported. The conjugates formed
were characterized using UV /vis absorption and emission spectrometer,
FT-IR spectrometer, XRD, TEM and EDX. The photophysicochemical
behaviour of complexes and their conjugates were studied. The linkage
of complexes with nanoparticles resulted in a decrease in fluorescence
quantum yields and lifetimes, which led to improved triplet and singlet
quantum yields. Even though conjugates with spherical NPs displayed
better properties than triangular NPs, all conjugates are ideal for PDT
applications.
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