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The conjugates of aluminium phthalocyanine (complex 1) with gold nanorods (complex 1-AuNRs) and
bipyramids (complex 1-AuBPs) showed improved singlet oxygen quantum yields of 0.23 and 0.24,
respectively, compared to that of complex 1 alone at 0.12. Complex 1 and its conjugates were used for
the photoinactivation of fungi (C. albicans) and bacteria cells (E. coli). The Q band absorbances were the
same for the Pc alone and when conjugated to AuNPs. The efficiency of these conjugates was evaluated
by measuring the log reduction of the microorganisms (C. albicans and E. coli) after irradiation with visible
light in the presence of photosensitizers. Aluminium phthalocyanine alone showed log1.78 and log 2.51
reductions for C. albicans and E. coli respectively. However, the conjugates showed higher photosensiti-
zation with log 2.08 and log 3.34 for C. albicans and E. coli, respectively using 1-AuBPs. For complex
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1-AuNRs log 2.53 and log 3.71 were achieved for C. albicans and E. coli respectively. The statistical analy-
sis of the results showed that the enhanced photoinactivation observed in both microorganisms was ir-
respective of the shape of the nanoparticles conjugated. Photoinactivation of C. albicans was less than

WWW.rsc.org/pps that of E. coli even though a higher concentration of complex 1 or its conjugates was used in C. albicans.
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1. Introduction

Photodynamic antimicrobial chemotherapy (PACT) is an
alternative method of killing microbial cells which are resist-
ant to antibiotics."” During PACT a photosensitizer is illumi-
nated with light of a specific wavelength resulting in the
production of reactive oxygen species (ROS) which are toxic to
microbial cells leading to their death. Candida albicans is one
of the leading causes of fungal infections. It has been reported
that critically ill patients suffering from HIV and pancreatitis
are more inclined to fungal infections.?

Fungal cells are larger than those of bacteria and therefore
their photoinactivation is more difficult and usually requires
larger doses of light and photosensitizer to destroy them.* Also
the cell walls of fungal cells and Gram (—) bacteria differ.>®
The outer membrane of Gram (—) bacteria is made up of a
negatively charged lipopolysaccharide layer which becomes
impermeable to neutral and negatively charged photosensiti-
zers,” hence positively charged photosensitizers are more
active for Gram (—) bacteria.

Phthalocyanines (Pcs) have shown great potential as photo-
sensitizers for photodynamic inactivation of pathogens.®™°
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Phthalocyanines are good photosensitizers since they absorb
visible to near infrared light, resulting in greater tissue pene-
tration. Cationic photosensitizers have been reported to be
very effective in killing both Gram (+) and Gram (—) bacteria
and fungi,""™** hence a cationic aluminium phthalocyanine
(Fig. 1A) is used in this work. The synthesis of this complex
has been reported before'® and is designated in this work as
complex 1.

We have recently reported on the improved photoinactiva-
tion activity (against Candida albicans and Escherichia coli)
using a neutral platinated silicon phthalocyanine.'® The
current work reports on the potentially more effective cationic
complex 1 (Fig. 1A), in combination with gold nanoparticles
(AuNPs), for the photoinactivation of Candida albicans and
Escherichia coli. We have also reported on the enhanced PACT
activities of Pcs in the presence of spherical AuNPs against Sta-
phylococcus aureaus and Bacillus subtilis."® In this work, Pcs are
employed in the presence of anisotropic AuNPs (rods, AuNRs
and bipyramids, AuBPs) for photoinactivation of Candida
albicans and Escherichia coli.

AuNPs have been used in a variety of biological applications
owing to their interesting optical and physical properties.
AuNPs have been used in drug delivery," biosensing,'®
imaging’® and therapeutic applications.”® The interesting
optical properties of gold nanoparticles are brought about by
their tunable surface plasmon resonance (SPR) band. AuNPs
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Fig. 1 (A) Molecular structure of the AlPc derivative (complex 1). (B) Hypothetical structure based on the linking of complex 1 to AuNP.

can be prepared in different shapes and sizes and this allows
the tuning of the SPR band towards near infrared which is a
therapeutic window.>"**> AuNPs improve singlet oxygen
quantum yields of the photosensitizers through a heavy atom
effect.'»*32* In addition, AuNPs on their own can act as thera-
peutic agents in photothermal destruction of microbial
cells.>?® This is because when these nanoparticles are irra-
diated with light they can produce heat that is able to destroy
the neighbouring cells. In this work aluminium phthalo-
cyanine-gold nanoparticle conjugates are used for photoinacti-
vation of bacteria (E. coli) and fungi (C. albicans). Gold
nanorods (AuNRs) and pyramids (AuBPs) were chosen in this
study because of their SPR band and high surface to volume
properties which may enhance the photosensitizing behaviour
of phthalocyanines. The absorption band of the AuNRs is also
shifted to the red region; hence both AuNRs and complex 1
may be excited at the same wavelength. The AuBPs will not be
excited at the wavelength where complex 1 is excited since the
SPR band is blue shifted.

2. Materials and methods
2.1. Materials

Nutrient agar (HG 0000C1.500) and nutrient broth
(HG000C24.500) were purchased from Merck. Distilled water
was used for the preparation of phosphate buffer saline (PBS,
pH 7.04, using NaCl, KCl, Na,HPO,, KH,PO,), agar and broth
solutions. KWIK Stik C. albicans (ATCC 24433) and E. coli
(ATCC 25922) crystal strains were purchased from Microbiolo-
gics. Gold(m) chloride trihydrate, sodium borohydride, tri-
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sodium citrate (99%), cetyltrimethyl-ammonium bromide
(CTAB), silver nitrate, diphenylisobenzofuran (DPBF) and
ascorbic acid were purchased from Sigma Aldrich. Deionized
water was used for all solution preparations. The synthesis of
complex 1 (Fig. 1) has recently been reported."

2.2. Equipment

X-ray photoelectron spectroscopy (XPS) data were collected
using a Kratos Axis Ultra DLD, using an Al (monochromatic)
anode, equipped with a charge neutralizer and the operating
pressure was kept below 5 x 107° Torr. The resolution used to
acquire wide/survey scans was at 160 eV pass energy using a
hybrid lens in the slot mode. The center used for the scans
was at 520 eV and the width at 1205 eV, with steps at 1 eV and
dwell times at 300 ms. For the high resolution scans, the
resolution was changed to 10 eV pass energy in the slot mode.
Transmission electron microscopy (TEM) images were
obtained using a Zeiss Libra TEM 120 model operated at 90 kV
accelerating voltage. TEM samples were prepared by placing a
drop of the conjugate or nanoparticle solution on the sample
grid and allowing it to dry before measurements. Energy dis-
persive X-ray spectra (EDX) were recorded on an INCA PENTA
FET coupled to the VAGA TESCAM using 20 kV accelerating
voltage.

The concentration of gold nanoparticles (Au®) was deter-
mined using a ThermoElectron ICAP 6000 inductively coupled
plasma (ICP) spectrometer with an optical Emission spec-
troscopy (OES) detector. Gold nanoparticles were digested by
addition of 3 mL of aqua regia for ICP measurements. Stan-
dard calibration was achieved at concentrations ranging from
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0.5 to 5 ppm. A minimum of three measurements were made
for each sample of gold nanoparticles. Gold was analysed at
wavelengths of 208, 242 and 267 nm.

Photo-irradiation for the antimicrobial and singlet oxygen
quantum yield studies was performed using a General Electric
Quartz lamp (300 W); glass (Schott) and water filters were used
to filter the ultra-violet and far infrared radiations,
respectively.

An interference filter (Intor, 670 nm with a band width of
40 nm) was additionally placed in the light path before the
sample.

The power outputs of 25.25 mW (used for E. coli) or
27.75 mW (used for C. albicans) were measured with a Power-
Max 5100 (Molelectron detector incorporated) power meter.
Illumination area was 0.3 cm? Light intensities at 691 nm
were 2.93 x 10'7 and 3.22 x 10" photons em™2 s~ for E. coli
and C. albicans respectively for PACT studies.

X-ray powder diffraction patterns were recorded on a Bruker
D8 Discover equipped with a LynxEye detector, using CuK,
radiation (1 = 1.5405 A, nickel filter).

2.3. Synthesis of non-spherical nanoparticles

Non-spherical gold nanoparticles of various shapes were syn-
thesized by the seed-mediated method as described by Chen
et al.*” The syntheses of AuNPs are described briefly below.

2.3.1. Seed solution. The AuNPs seed solution was pre-
pared following the literature methods,”” using CTAB instead
of sodium citrate (used in ref. 27) as follows: aqueous solution
of 2.5 x 107" M (5 mL) HAuCl, was mixed with 10 mL of a
0.1 M CTAB solution, and the mixture stirred for 2 min. Then,
0.6 mL of an ice cold aqueous solution of 0.01 M NaBH, was
added, and the mixture shaken for 2 min. The solution was
allowed to stand for 30 min and then used for the subsequent
synthesis of differently shaped AuNPs.

2.3.2. Gold nanorods (AuNRs) and gold bipyramids
(AuBPs). The growth solution was prepared according to
the literature®” by mixing 10 mL of 0.1 M CTAB, 5 mL of 2.5 X
10™* M HAuCl, and 0.5 mL of 0.004 M AgNO; (for Au
nanorods). To this solution, 0.4 mL of 0.1 M ascorbic acid was
added and the reaction mixture turned colourless. Then the
seed solution (12 pL) prepared above was added. The mixture
was hand shaken and left undisturbed at 27 °C for 24 h.
Bipyramidal gold nanoparticles were synthesized in the same
way as the nanorods except that the silver concentration was
increased to 0.04 M. Gold nanoparticles of a desired shape
were separated from the unreacted gold and nanospheres
(by-products) by centrifuging the gold solutions at 2000 rpm
for 20 min. The supernatant was removed and the solid nano-
particles were dispersed in 3 mL of distilled water.

2.4. Conjugation of complex 1 to gold nanoparticles

An aqueous solution of each of the differently shaped gold
nanoparticles (3 mL) was mixed with an aqueous 2 mL of
complex 1 (3 mM) and stirred for 24 h at room temperature.
The conjugates were purified in a size exclusion column in
Bio-Beads using phosphate buffer (pH 7) as an eluent. The
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conjugates were then washed twice with phosphate buffer (pH
7) and centrifuged for 5 min at 2000 rpm before use for photo-
inactivation of microorganisms. The conjugates are represented
as complex 1-AuNRs and complex 1-AuBPs, for conjugates of
Pc with AuNRs or AuBPs, respectively.

2.5. Singlet oxygen quantum yields

Singlet oxygen quantum yields (®,) for complex 1 and its con-
jugates were determined using the comparative method
described before,*® using ZnPc as a standard in DMSO, &, =
0.672® and DPBF as a singlet oxygen quencher. The absor-
bance of DPBF and Q band was kept at 1 and 0.5, respectively.

2.6. Biological studies

2.6.1. Preparation of microorganisms. C. albicans and
E. coli cultures were grown on a nutrient agar plate prepared
according to the manufacturer’s specifications to obtain an
individual colony. The colony was then inoculated into the
nutrient broth and then placed on a rotary shaker (~200 rpm)
overnight at 30 °C and 37 °C for C. albicans and E. coli, respect-
ively. Aliquots of the culture were aseptically transferred to
4 mL of fresh broth and incubated again to the mid logarith-
mic phase (OD 620 nm ~ 0.6). The bacterial cultures in the log-
arithmic phase of growth were harvested by the removal of the
broth culture by centrifugation (3500 rpm for 5 min), washed
once with PBS (10 mM) and re-suspended in 4 mL PBS. Then,
the bacterial culture was diluted to 1/1000 in PBS to make a
stock solution. The microorganisms in PBS were serially
diluted and plated, and then the colony forming units were
counted. The initial colony forming units per mL (CFU mL ™)
were calculated using the equation CFU mL™' = number of
colonies per mL plated/total dilution factor and were found to
be ~10” and 10® (CFU) mL™") for E. coli and C. albicans,
respectively.*®

2.6.2. Controls. The two control experiments were per-
formed: (1) dark controls the cells were treated with complex 1,
complex 1-AuNPs and AuNPs without illumination. (2) Light
controls had no photosensitizer but illuminated. Both controls
did not show any cytotoxicity.

2.6.3. Statistical analysis. All experiments were done separ-
ately in triplicates and the results are reported as the mean
values + standard deviation of each group. Each experiment
was repeated three times for each time interval. Statistical sig-
nificance of more than two mean values was determined using
ANOVA (analysis of variance) using error limits from at least
three determinations. The difference between two means was
compared using a Student’s t-test. P values <0.05 were con-
sidered significant.

2.6.4. Antimicrobial studies. Preliminary experiments were
performed in order to determine the appropriate light dose
and photosensitizer concentration.

Photodynamic inactivation studies were conducted follow-
ing the literature methods.***" Briefly, C. albicans cells (10°
CFU mL™") were incubated with complex 1 at a concentration
of 35 pM. The mixture was incubated in an oven equipped
with a shaker for 30 min in the dark at 30 °C. Then half (2 mL)
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of the samples containing the Pc and cells was irradiated at
the Q-band maximum of the photosensitizers in a quartz cell,
using the set-up described above at different time intervals,
while the other half was kept in the dark for dark toxicity
studies. After irradiation, 100 pL samples were serially diluted
and plated on agar plates.’’*> A similar procedure was used
for the conjugates. The concentration of complex 1 in the con-
jugates was adjusted by the absorbance of the Q-band. Thus
the Q band absorbances were the same for the Pc alone and
when conjugated to AuNPs.

Photoinactivation of E. coli containing an initial population
of 107 (CFU mL™") was carried out using similar procedures
but for these studies the concentration of complex 1 was
reduced to 20 pM and the samples were incubated at 37 °C.

3. Results and discussion
3.1. Characterization of AuNPs and conjugates

For tetrasubstituted phthalocyanines, a mixture of four pos-
sible structural isomers was obtained. The four probable
isomers can be designed by their molecular symmetry as Cyp,
Cayy Cs and D,,.** In this study, synthesized tetra-substituted
phthalocyanine compounds are obtained as isomer mixtures
as expected. No attempt was made to separate them. The con-
jugation of the Pc to the AuNPs is not expected to be different
for the isomers since they do not show any difference in their
spectral behaviour.

Due to the well-known formation of Au-S bonds, complex 1
(Fig. 1) will form conjugates with AuNPs through a covalent
bonding of the Pcs to the nanoparticle surface as reported
before for other Pcs where the thioacetate groups were linked
to AuNPs.>* The phthalocyanine complexes are attached to the
AuNPs surface by the Au-S bond due to the sulfur groups on
the periphery of the phthalocyanine ring. A hypothetical rep-
resentation of the conjugate (showing Au-S bonds) is shown in
Fig. 1B. The number of complex 1 molecules conjugated to
AuNPs will be determined below.

When the concentration of AgNO; solution was 0.004 M,
AuNRs were produced. Increasing the concentration of the
AgNO; solution from 0.004 M to 0.04 M favoured the for-
mation of gold nanoparticles with a bipyramidal shape. Liu
and Guyot-Sionnest® also observed the formation of bipyrami-
dal gold nanostructures in the presence of silver nitrate.

Gold nanorods and gold bipyramids are both characterized
by the aspect ratio (length/width) and their SPR bands can be
tuned to near infra-red. Their properties depend on their
longitudinal SPR bands; however AuBPs have irregular struc-
tures compared to AuNRs. The difference in these nano-
particles is due to different crystalline structures of the seeds.
An irregular structure of the AuBPs may cause inhomogene-
ities in the field when the nanoparticles are excited and cause
them to respond differently from the AuNRs. Therefore, this
study compares the effect of both AuBPs and AuNRs.

3.1.1. TEM studies. The TEM image in Fig. 2A(i) shows the
distribution of the as-synthesized AuNRs. The average aspect

This journal is © The Royal Society of Chemistry and Owner Societies 2015

View Article Online

Paper

ratio (length/diameter) of the nanorods was estimated to be
~3.2, Table 1. Fig. 2A(ii) shows that upon conjugation (for
1-AuNRs) the rods were drawn closer together showing some
aggregation. The aspect ratio of the pyramidal nanoparticles
was found to be 2.5, Fig. 2B(i), which increased to 2.9 upon
conjugation to complex 1 (Fig. 2B(ii)).

The sizes determined from TEM were employed to deter-
mine the parameters of AuNPs such as the surface area and
number of gold atoms. First, ICP OES was used to determine
the total number of gold atoms per mL which was converted to
moles per L using Avogadro’s constant. Then the concentration
of the AuNPs was employed to determine their molar extinc-
tion coefficients using Beer’s law, following established
methods.?® Molar extinction coefficients were larger for AuNRs
compared to those for AuBPs, Table 1.

The total number of Au atoms per AuNP (N), the surface
area of AuNPs and the number of surface Au atoms (Ng) per
AuNP were calculated using established methods,*”° assum-
ing perfect rod-like and bipyramidal shapes. The total
numbers of gold atoms, the number of surface gold atoms as
well as the surface area were larger for AuBPs than those for
AuNRs. The number of Pc molecules on AuNPs was also
obtained using the Beer’s law and the Q band absorption
maximum of the phthalocyanines (assuming the extinction
coefficient (loge = 5.0) does not change upon conjugation).
The number of phthalocyanine molecules per nanoparticle
was found to be 66 for AuNRs and 112 for AuBPs, Table 1.

3.1.2. EDS. The EDS spectrum of the gold nanoparticles in
Fig. 3(A) shows the gold peaks and confirms the presence of
cetyltrimethyl-ammonium bromide (CTAB) in the samples.
The presence of the carbon, bromine and nitrogen peaks is
due to CTAB chains that act as capping agents on the gold sur-
faces. The spectrum shows traces of silver in the gold nano-
particle samples which is due to silver nitrate that was used in
the synthesis of the nanoparticles. The presence of the
phthalocyanine in the conjugates was confirmed by the pres-
ence of the carbon, aluminium, sulphur, iodide and oxygen
elements (Fig. 3(B)). A gold peak was also observed in this
sample due to the gold nanoparticles. The samples contain
chlorine and sodium elements due to impurities from the syn-
thesis (PBS containing NaCl was employed in the final purifi-
cation step). Silver was also detected in the conjugates.

3.1.3. XRD studies. The XRD pattern of AuNRs (as an
example) is shown in Fig. 4. AuBPs gave a similar XRD pattern.
The diffraction patterns were indexed to the face centred cubic
crystal structure of the gold nanoparticles.

3.1.4. XPS studies. The binding of the phthalocyanine on
gold nanoparticles was studied using high resolution XPS
spectra. Fig. 5(A) shows the XPS spectra for S 2p analysis in
which a doublet due to 2ps/, and 2p,,, was observed. The exist-
ence of the S 2p doublets is a result of the spin-orbit coup-
ling.** The phthalocyanine alone showed two characteristic
peaks at 161.0 and 162.4 eV. The 2p;/, at 161 eV is commonly
attributed to isolated sulphur or intact molecules.*’ However,
for the conjugate the two main S 2p peaks shifted to higher
binding energies at 162.5 and 163.7 eV, Fig. 5A(ii). The

Photochem. Photobiol. Sci., 2015, 14, 13461356 | 1349
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Fig. 2 TEM images of (A) AuNRs and (B) AyBPs alone (i) and conjugated to Pc (ii).

Table 1 Properties of the gold nanoparticles. Numbers in brackets represent the presence of complex 1. N = total number of gold atoms in a nano-

particle, Ng = number of surface atoms

Sample Surface area (nm?) N Ns Aspect ratio from TEM eM ™ em™) Pcs/NPs
AuNRs 552 68397 9362 3.2+0.5(3.7) 126 808 66
AuBPs 26231 16430269 444901 2.5+0.3(2.9) 118182 112

162.5 eV peak is due to the sulphur bonded to the gold surface
while the second peak at 163.7 eV could be assigned to
physisorbed molecules on the gold surface.*>*> The shift in
the binding energies is due to the loss of the electron lone pair
when sulphur is adsorbed on the gold surface.

The nitrogen 1s high-resolution XPS spectrum of the
phthalocyanine showed three characteristic peaks at 398.0,
400.1 and 401.7 eV, Fig. 5B(i). These peaks were attributed to
C=N, pyrrolic nitrogen and the quaternary nitrogen.*
Fig. 5B(ii) shows the nitrogen 1s XPS spectrum of the conju-
gate. There are two main characteristic peaks at 396.2 and
397.9 eV corresponding to N-Al and N-C respectively.*® The
quaternary N 1s peak disappeared upon conjugation with gold
nanoparticles showing the participation of this nitrogen in the
complex 1-NR conjugates. The reaction of the quaternary
nitrogen on metal nanoparticle surfaces is very common in the
literature.**~>?

1350 | Photochem. Photobiol. Sci., 2015, 14, 1346-1356

The carbon 1s XPS spectra of the phthalocyanine and the
phthalocyanine-gold conjugate are shown in Fig. 5C. The
peaks at 282.4 and 283.7 eV were observed on the aluminium
phthalocyanine for C=C and C-C and/or C-H respectively,
Fig. 5C(i). The carbon 1s XPS spectrum of the phthalocyanine
on gold nanoparticles showed the peaks at 283.7 and 285.0 eV
which are attributed to C=C and C-C and/or C-H respect-
ively,>® Fig. 5C(ii). The peak shifting towards larger binding
energies can be associated with loading, as suggested by Yang
etal>

3.1.5. UV-Vis absorption and fluorescence spectra. The
UV-Vis spectra of gold nanoparticles are shown in Fig. 6A
and B and the characteristic SPR absorption properties are
reported in Table 2. The existence of multiple bands in non-
spherical particles has been reported.’® The UV-Vis spectra
of complex 1-AuNP conjugates (Fig. 6A and B) show a
characteristic SPR band, which proves the presence of gold

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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Fig. 3 EDS spectra of (A) gold nanoparticles and (B) complex 1—-gold nanoparticles.
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Fig. 4 XRD pattern of AuNRs.

nanoparticles in the samples. The SPR peaks in the
conjugates are slightly red shifted compared to AuNPs
alone, Table 2. The bathochromic shifts are due to slight
aggregation of these nanoparticles in the conjugates, as
reported before.”®

The conjugation of gold nanoparticles resulted in the red
shifting, Table 2, and broadening of the Q-bands of complex 1
in DMSO (Fig. 6A and B). Broadening of the phthalocyanine
Q-band absorption in the presence of nanoparticles such as

This journal is © The Royal Society of Chemistry and Owner Societies 2015

Au was attributed to a tight packing of the phthalocyanines on
the nanoparticle.>*

It is possible that the red shifts observed in the Q band of
the Pc in the presence of the AuNP may be due to the longi-
tudinal dipole moment arrangement of both, which is known
to result in red shifts for other chromophores.>®

Complex 1 is soluble in water, and studies conducted in
water are preferable. However this complex is highly aggre-
gated in aqueous media as reported before,'* making it
difficult to undertake the photochemical and photophysical
studies, since aggregates are photoinactive. The aggregation
remained in the presence of AuNPs, Fig. 7. Aggregation in Pcs
is characterized by the presence of a blue shifted band near
630 nm due to the aggregate and another band at lower ener-
gies due to the monomer.””

3.1.6. Singlet oxygen quantum yields. Fig. 8 shows the
photodegradation of the singlet oxygen quencher DPBF. An
increase in singlet oxygen quantum yields in the presence of
gold nanoparticles was observed which shows the influence of
the heavy atom effect exerted by the gold nanoparticles
(Table 2). There is not much difference between the effects of
AuNRs or AuBPs on the singlet oxygen quantum yield for
complex 1. The increase in singlet oxygen quantum yields

Photochem. Photobiol. Sci,, 2015, 14, 1346-1356 | 1351
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Fig. 5 High resolution XPS spectra of (A) sulphur 2p, (B) nitrogen 1s and (C) carbon 1s; (i) complex 1 and (i) complex 1-gold nanorod conjugates.
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Fig. 6 UV-Vis spectra of (A) AuBPs and (B) AuNRs, and their conjugates;
(i) complex 1 and (i) complex 1-gold nanoparticle conjugates and (iii)
gold nanoparticles in DMSO.

shows that the molecule may be used for PDT applications in
the presence of variously shaped AuNPs. Quantification of
singlet oxygen in aqueous media was not possible due to
aggregation.

1352 | Photochem. Photobiol. Sci., 2015, 14, 13461356

3.2. Photoinactivation studies

The photosensitizer-gold nanoparticle conjugates have the
ability to enhance photoinactivation of bacteria through a
synergistic effect of photothermal (AuNPs) and photodynamic
(Pcs) therapies. Gold nanoparticles can also enhance the
photoinactivation process by increasing the generation of reac-
tive oxygen species (ROS).’® Tuchina et al. reported the
enhanced photodynamic activity of the gold nanoparticles—
indocyanine green dye for photoinactivation on Staphylococcus
aureus.>® Maliszewska et al. reported enhanced photoinactiva-
tion of S. epidermidis by methylene blue-gold nanoparticles
conjugate without any significant effect from the gold nano-
particles alone (without methylene blue).®

The biological studies in this work were performed by irra-
diating the complex alone or in the presence of AuNRs at wave-
lengths where both absorb. AuBPs were also investigated even
though their absorption peak does not match the absorption
of complex 1, Fig. 6. The contribution of AuNRs and AuBPs

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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Table 2 Spectral properties of complex 1 and complex 1-AuNP conju-
gates in DMSO

Conjugate Aabs “/mm SPR’/nm [N

Complex 1 691 — 0.12
Complex 1-AuNRs 702 530 (513, 749) 0.23
Complex 1-AuBPs 704 551 (548) 0.24

% Aabs = Absorption maximum. 5 Numbers in brackets refer to the SPR
bands for AuNPs alone.
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Fig. 7 UV-Vis spectra of complex 1 mixed with AuNPs in aqueous
media: (i) complex 1, (ii) complex 1-AuNBPs, (iii) complex 1-AuNRs.
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Fig. 8 Photooxidation of DPBF in the presence of complex 1 in DMSO.

towards the PDT activity of complex 1 was (in addition to the
possible photothermal effect of AuNRs at the excitation wave-
length) made possible by enhancing singlet oxygen through
the heavy atom effect.

3.2.1. Photoinactivation of Candida albicans. The PACT
efficiency of complex 1 and its conjugates with AuBPs and
AuNRs was evaluated by applying a power density of 92 mW
cm™>. Fig. 9(A) shows the survival curves for C. albicans in
which the colony forming units were measured against light
fluence. The number of colony forming units (CFU) decreased
with increasing light fluence. Complex 1 alone gave a 1.78 CFU
log reduction (p = 0.003) (Fig. 9A and Table 3). For the conju-
gates, 2.08 (p = 0.002) and 2.53 log (p = 0.001) reductions were
achieved for complex 1-AuBPs and complex 1-AuNRs, respect-
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Fig. 9 Survival curves of (A) C. albicans (irradiance 92 mW cm™2) and
(B) E. coli (irradiance 84 mW cm™). (m) Complex 1 alone, (®) 1-AuBPs,
(A) 1-AuNRs and (x) light control (with light in the absence of complex 1
or its conjugates); the error bars represent standard deviation of three
independent experiments.

Table 3 Summary of log CFU reduction values

Photosensitizer C. albicans E. coli

AuBPs 0.26 (p > 0.05) 0.68 (p > 0.05)
AuNRs 0.47(p > 0.05) 0.77 (p > 0.05)
Complex 1 1.78 (p = 0.003) 2.51 (p =0.03)

Complex 1-AuBPs
Complex 1-AuNRs

2.08 (p = 0.002)
2.53 (p = 0.001)

3.34 (p = 0.004)
3.71 (p = 0.001)

ively under the same conditions, Table 3. Statistical analysis
showed no significance difference between the two conjugates
(complex 1-AuBPs and complex 1-AuNRs) (p = 0.33).

For photoinactivation with AuBPs and AuNRs alone
(without complex 1), an insignificant reduction of 0.26 and
0.47 log (p > 0.05), respectively, was achieved, Table 3 (figures
not shown). Thus, the photothermal effect (for AuNPs) of the
nanoparticles was negligible; however, conjugation with a
phthalocyanine produced an enhanced photoinactivation
which may be associated with the heavy atom effect of the gold
nanoparticles or increased production of ROS catalysed by
gold nanoparticles.

3.2.2. Photoinactivation of E. coli. Fig. 9(B) shows the sur-
vival curve of E. coli after photoinactivation with complex 1.
Complex 1 is a cationic molecule (Fig. 1) and is expected to
bind the cell wall of the Gram negative E coli. A statistically sig-
nificant 2.51 log reduction (p = 0.03) was obtained for complex
1 alone (Table 3). For 1-AuBPs and 1-AuNRs the log reduction
increased to 3.34 (p = 0.004) and 3.71 (p = 0.001) respectively,
Table 3 (Fig. 9(B)). The results showed a significant increase in
the reduction of E. coli in the conjugates compared to complex
1 alone. The p value analysis showed insignificant difference
between the two conjugates (complex 1-AuBPs and complex
1-AuNRs) (p = 0.25).

Insignificant log reductions of 0.68 and 0.77 (p > 0.05) were
obtained for AuBPs and AuNRs (gold nanoparticles without
complex 1), respectively, Table 3 (figures not shown).

3.2.3. Discussion of the photoinactivation results. It can
be noted that even though AuNRs absorb within the wave-
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length used in this work, they did not show any significant
result of photoinactivation on their own. However, upon conju-
gation with complex 1 there was enhanced photoinactivation
of the bacteria.

The conjugates gave a significantly higher log reduction
(p < 0.05) compared to complex 1 alone in both bacteria and
fungi. This shows that gold nanoparticles enhanced the photo-
inactivation process. The gold nanoparticles used in this study
were found to enhance the photoinactivation process in both
bacteria and fungi irrespective of their shape. Even though
complex 1-AuNRs gave a slightly larger log reduction com-
pared to complex 1-AuBPs the statistical analysis showed no
significant difference in the results. In the absence of the
phthalocyanine the nanoparticles did not show any photother-
mal effect.

It is expected that the photosensitizers bind to the bacteria
or fungal cells to achieve effective photosensitization.®® The
singlet oxygen that is produced by the photosensitizer diffuses
into the cells, causing cell death. C. albicans cells contain a
rather thick layer of chitin and p-glucan which makes the pene-
tration of the photosensitizers into the cell plasma membrane
difficult."** This makes photosensitization of C. albicans rela-
tively more difficult compared to E. coli and hence lower CFU
logs for the former (Table 3).

4. Conclusion

The study shows the potential of an aluminium phthalo-
cyanine and its gold nanoparticle conjugates in photodynamic
inactivation of C. albicans (fungi) and E. coli (bacteria). The
conjugates showed an improved photoinactivation by increas-
ing the log reduction of both bacteria and fungi. This is due to
increased singlet oxygen quantum yields in the conjugates
compared to the Pc alone. The gold nanoparticles alone did
not show any photothermal effects. The study did not show
any significant difference between the conjugates of the BPs
and NRs. Therefore, this study shows that the conjugation of
gold nanoparticles to the phthalocyanine can improve the
photosensitisation.
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