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ARTICLE INFO ABSTRACT

Keywords: This work reports on the synthesis of nanoassemblies of supramolecular hybrids containing detonated nano-
Detonated nanodiamonds diamonds (DNDs) covalently linked to halogenated BODIPY (DNDs-BODIPY) by an amide bond, followed by si—m
Pyridyloxy stacking of 2,9,16,23-tetrakis[4-(N-methylpyridyloxy)]-phthalocyanine (ZnTPPcQ) on the DNDs-BODIPY con-

Zinc phthalocyanine
Photodynamic therapy
BODIPY

jugate, to form nanoassembly represented as ZnTPPcQ-DNDs-BODIPY. ZnTPPcQ-DNDs-BODIPY has a higher
singlet oxygen quantum yield of 0.50 in water. Therefore, the construction of a three component photodynamic
therapy agent (ZnTPPcQ-DNDs-BODIPY) as a single photosentisiser improved singlet quantum yields of the Pc.
Zeta potential studies of ZnTPPcQ-DNDs-BODIPY under various temperatures, concentrations and pH conditions,
showed the conjugate is more stable at pHs 2, 4 and 7 and at high concentrations (50 pg/mL) and temperatures
(80°C). ZnTPPcQ-DNDs-BODIPY showed high photodynamic therapy (PDT) activity with a low MCF-7 cell
viability of 21 = 5% when compared to 31 = 2%, 30 * 2% and 28 = 2% cell viability at the highest tested

concentration of 50 pg/mL for DNDs, ZnTPPcQ-DND and DNDs-BODIPY, respectively.

1. Introduction

Metallophthalocyanines (MPcs) have gained interest for applica-
tions in a number of areas including: imaging, nonlinear optics, pho-
todynamic antimicrobial chemotherapy (PACT) and photodynamic
therapy (PDT) because of their excellent physical and chemical prop-
erties [1-4]. Interest in MPcs as potential PDT agents could be attrib-
uted to several factors such as their ability to absorb in the near infrared
region of the electromagnetic spectrum (allowing for deep tissue pe-
netration) and to efficiently generate singlet oxygen and other reactive
oxygen species (ROS) that can destroy cancer cells and pathogenic
microbes [5-7].

On the other hand, research on borondipyrromethenes (BODIPYs)
dyes as potential photosentisisers for PDT is on the increase [8,9].
BODIPYs exhibit ideal photosensitiser characteristics including re-
sistance to photobleaching and high light-dark toxicity ratios [10].
BODIPYs have been extensively studied as fluorescence imaging probes
when compared to PDT since they are highly fluorescent reducing in-
tersystem crossing to the triplet state [10,11]. Consequently, BODIPYs
for use in PDT have to be modified to depress fluorescence and enhance
singlet-to-triplet intersystem crossing. Improved singlet oxygen gen-
eration properties of halogenated styryl-substituted BODIPY have been
previously reported [10]. Hence, halogenated BODIPY dyes are used in
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this study. Hybrids of BODIPYs with phthalocyanines are very few, and
have been shown to have high singlet oxygen quantum yields [11-14].
The current work reports for the first time on the PDT activity of hy-
brids containing a Pc and BODIPY. The reported [15] 3,5-di-p-benzy-
loxystyryl BODIPY was employed due to the red-shifted spectra, which
is essential for PDT.

Recently our group reported on a hybrid structure containing
BODIPY, MPc and graphene quantum dots (GQDs) [14]. The current
work reports on a composite containing BODIPY, positively charged
MPc and detonated nanodiamond (DNDs) as a platform for potential
use in PDT. In their pristine state, DNDs contain several functional
groups on the surface including amine, amide, alcohol, carbonyl, and
carboxyl [16-20]. Some of these are not present in pristine GQDs,
hence the two nanomaterials are expected to influence the photo-
physical and PDT activities of the photosensitisers differently. The
functional groups on DNDs facilitate the linking of DNDs to other mo-
lecules such as BODIPYs and Pcs.

In this work, we construct a nanocomposite consisting of MPc (po-
sitively charged), BODIPY and DNDs with the aim of improving PDT
activity through synergistic effect. A positively charged MPc is em-
ployed since a comprehensive analysis of twenty-two cancer cell lines
taken from different body parts showed that all the cells specifically
bound to positively charged nanoprobes, suggesting that cancer cells
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ZnTPPcQ-DNDs-BODIPY

Scheme 1. (a) The ester covalent linkage of BODIPY and detonated nanodiamonds (DNDs) resulting in DNDs-BODIPY nanoconjugate systems. (b) 7 — 7 interaction

between ZnTPPcQ and DNDs-BODIPY to form ZnTPPcQ-DNDs-BODIPY.

have negative net charge [21]. To the best our knowledge, BODIPY/
MPc decorated DNDs are not known and are thus reported for the first
time in this work.

The composites were constructed as follows: DNDs contained car-
boxylic functional groups which assisted in the covalent linking to the
hydroxyl moiety of the BODIPY dye to form DNDs-BODIPY, Scheme 1A.
The presence of sp? hybridisation in DNDs allows for m interactions
with other & containing molecules such as MPcs, hence the reported
2,9,16,23-tetrakis[4-(N-methylpyridyloxy)]-phthalocyanine (ZnTPPcQ)
[3,22] was then adsorbed onto DNDs-BODIPY via s—x stacking inter-
action to form nanoassembly of ZnTPPcQ-DNDs-BODIPY, Scheme 1b.
ZnTPPcQ was also adsorbed onto the DNDs in the absence of the
BODIPY. ni—r stacking is also possible for DNDs-BODIPY in addition to
the covalent bond. We report on the photophysical properties and PDT
activities of the nanocomposites.

2. Experimental
2.1. Materials

Detonated nanodiamonds (DNDs), 1, 3-diphenylisobenzofuran
(DPBF), trifluoro acetic acid (TFA), N-hydroxysuccinimide (NHS), Zn
phthalocyanine (ZnPc), and anthracene-9,10-bis-methylmalonate
(ADMA) were obtained from Sigma-Aldrich. N,N’-dicyclohex-
ylcarbodiimide (DCC) was purchased from Merck. Dimethyl sulfoxide
(DMSO), methanol, and ethanol were purchased from SAARCHEM. All
aqueous solutions were prepared using from Milli-Q Water System
(Millipore Corp, Bedford, MA, USA). All other reagents and solvents
were obtained from commercial suppliers and were of analytical grade
and used as received. MCF-7 breast cancer cells were obtained from
Cellonex. Dulbecco’s phosphate-buffered saline (DPBS) and Dulbecco’s
modified Eagle’s medium (DMEM) were obtained from Lonza, 10% (v/
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v) heat-inactivated fetal calf serum (FCS), 100 mg/mL-penicillin-100
unit/mL-streptomycin-amphotericin B mixture) were obtained from
Biowest”. The syntheses of 3,5-di-p-benzyloxystyryl BODIPY [15],
2,9,16,23-tetrakis[4-(N-methylpyridyloxy)]-phthalocyanine (ZnTPPcQ)
[3,22] and AlPcSmix (containing a mixture of differently sulfonated
Pcs, used as a standard for singlet oxygen determinations in water) [23]
have been reported before. Ludox solution obtained from Sigma Aldrich
was used as a standard in order to determine fluorescence lifetimes
from time-correlated single photon counting (TCSPC) following
methods reported in literature [24].

Equipment items employed in this work are located in the
Supporting Information.

2.2. Synthesis

2.2.1. Linkage of hydroxyphenyl-BODIPY to DNDs (Scheme 1a)

Linkage of nanoparticles to BODIPY dye was conducted following
previous methods with slight modification [14,25]. Briefly, DNDs
(20mg) were dissolved in DMSO (3ml). Then DCC (0.02g,
0.098 mmol) and NHS (0.015g, 0.13mmol) were added and the re-
sulting solution was stirred for 48 h in order to activate the carboxylic
groups of the DNDs, following which the BODIPY dye (0.008g,
0.01 mmol) was added and the mixture further stirred for 48 h. The
resulting conjugate (DNDs-BODIPY) was precipitated out from solution
with trifluoro acetic acid (TFA) and ice. The precipitate was washed
several times with water, centrifuged, and then dried in the fume hood
to obtain the DNDs-BODIPY.

2.2.2. Construction of ZnTPPcQ-DNDs-BODIPY and ZnTPPcQ-DNDs
nanoassembly (Scheme 1b)

Nanoassemblies shown in Scheme 1b were prepared following
previous methods with alterations [14]. Briefly, the ZnTPPcQ (0.01 g;
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0.01 mmol) was adsorbed onto DNDs-BODIPY (10 mg) or DNDs (10 mg)
through m-m stacking in 3 mL DMSO. The resulting mixture was ultra-
sonicated for 4 h, followed by stirring for 96 h. The resulting conjugates
were precipitated out of solution with ethanol to ensure that un-
complexed DNDs-BODIPY, DNDs and Pc were eliminated. The solid
products were then dried under vacuum and are represented as
ZnTPPcQ-DNDs-BODIPY and ZnTPPcQ-DNDs.

2.3. Physicochemical parameters

Fluorescence (®f) and triplet (&) quantum yields were determined
in DMSO using comparative methods described before [26-28]. Un-
substituted ZnPc in DMSO was used as a standard with ®p = 0.20 [27]
and @1 = 0.65 [29]. Singlet oxygen quantum yield (®,) values were
determined under ambient conditions using DPBF as a singlet oxygen
quencher in DMSO (and ADMA in water containing 1% DMSO for all
samples) using equations described previously [30,31]. ZnPc in DMSO
was used as a standard (®, = 0.67) [30]. AlPcSmix was employed as a
standard in aqueous media (®, = 0.42) [28]. The absorbances of DPBF
or ADMA were spectroscopically monitored at 417 nm or 380 nm, re-
spectively, at predetermined time intervals.

2.4. Invitro cell studies

In vitro dark cytotoxicity and photodynamic therapy (PDT) were
carried out following previous reports [32,33]. MCF-7 cancer cell lines
were cultivated as a monolayer in T75cm? culture flasks in DMEM
supplemented with 10% heat-inactivated fetal calf serum (FCS), 1%
amphotericin B and 1% penicillin-streptomycin mixture. Cells were
incubated at 37 °C in a 5% CO, humidified incubator.

After reaching 70-80% confluence, cells were detached from the
flask using trypsin. The activity of trypsin was quenched by adding
fresh supplemented DMEM, and the cells were centrifuged for 2 min at
2000 rpm. Viable cells were manually counted with the Neubauber
hemocytometer cell counter, using the trypan blue exclusion test of
viability. A concentration of 10* cells was seeded and incubated with
different concentrations (5, 10, 20, 40 and 50 ug/ml) of DNDs, BODIPY,
ZnTPPcQ, DNDs-BODIPY, ZnTPPcQ-DNDs and ZnTPPcQ-DNDs-BODIPY
for dark toxicity and PDT studies. DNDs, ZnTPPcQ, ZnTPPcQ-DNDs and
ZnTPPcQ-DNDs-BODIPY are soluble in water while DNDs-BODIPY is
partly soluble. In order to have the same environment for cell studies,
stock solutions of the complexes were prepared in DMSO and made up
with culture medium. The total amount of DMSO was 1%. The cells
were incubated for 24 h with 1% (v/v) of DMSO in supplemented media
in order to assess the effects of DMSO. The surviving cells were sub-
sequently quantified using the WST-1 cell proliferation assay 24 h after
the treatment.

2.4.1. Dark cytotoxicity

Cells were incubated for 24h with different concentrations of
photosentisisers: DNDs, BODIPY, ZnTPPcQ, DNDs-BODIPY, ZnTPPcQ-
DNDs and ZnTPPcQ-DNDs-BODIPY as stated above. The media con-
taining the photosensitisers was removed and cells were washed with
DPBS. Fresh media was added, and cells were further incubated for
24 h.

The tetrazolium compound reagent (WST-1, Roche) was used for the
quantification of cell proliferation and cell viability. It is a colorimetric
assay and based on the cleavage of the tetrazolium salt (WST-1) by
mitochondrial dehydrogenases in proliferating cells [34]. The WST-1
assay was used as per manufacturer’s instructions (Roche) using a Sy-
nergy 2 multi-mode microplate reader (BioTek’) at a wavelength of
450 nm.

The percent cell viability was determined using Eq. (1):

Absorbance sample at 450 nm

% cell viability = 100

(€8]

Absorbance control at 450 nm
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2.4.2. Photodynamic therapy (PDT) studies

Photo irradiation for PDT studies were done using a General Electric
Quartz line projector lamp (300 W). A 600nm glass cut off filter
(Schott) and a water filter were used to filter off ultraviolet and infrared
radiations, respectively. An interference filter (Intor, 670 nm with a
bandwidth of 40 nm) was additionally placed in the light path before
the sample. Light intensities were measured with a POWER MAX5100
(Molelectron detector incorporated) power meter and were found to be
14.2 x 10'® photons s~ ! cm ™2 for PDT studies. The light source was
linked to an illumination kit, with a capacity to hold a
127.76 x 85.48 mm 96 well tissue culture plate for in vitro PDT studies.

Cells were incubated for 24h with different concentrations of
BODIPY, ZnTPPcQ, DNDs-BODIPY, ZnTPPcQ-DNDs and ZnTPPcQ-
DNDs-BODIPY as stated above. Wells were washed twice with DPBS and
the culture media was replaced with the fresh media (with no phenol
red). The wells containing cells were illuminated. After irradiation, the
culture media (without phenol red) was replaced with the fresh media
containing phenol red. Cells were incubated for 24h at 37°C in 5%
CO,, cellular viability was expressed in percentage.

2.4.3. Statistical analysis

The data obtained from the three independent (n = 3) triplicate
experiments were analysed with a 3-way factorial ANOVA (analysis of
variance) to determine the statistical differences between the in vitro
cytotoxicity and photodynamic effect of the photosensitisers on MCF-7
cancer cells. A p-value of < 0.01 was considered significant.

3. Results and discussion
3.1. Synthesis and characterisation

DNDs-BODIPY nanoassembly (Scheme 1a) was obtained through
ester bond formation between the carboxyl moiety of the DNDs and the
hydroxyl of the BODIPY. Ester linkage between DNDs and BODIPY was
confirmed using FTIR (Fig. 1). The covalent linkage between DNDs and
BODIPY was confirmed by an emergence of an ester bond peak around
1627 cm ™! (Fig. 1(c)). The FT-IR spectrum of the BODIPY in Fig. 1(a)
confirmed the presence of ROH and B-N at 2897 and 1440 cm ™ !. While
COOH, C=0 and C—H peaks at 3384, 1624 and 625 cm ', respec-
tively, Fig. 1(b), were observed for DNDs. Slight shifts of of the C=O0,
B—N, ROH and COOH peaks to 1562, 1444, 2922 and 3328 cm ~ ! were
observed upon linkage of the BODIPY to the DNDs. Shifts in the IR
bands confirm structural change [35].

TEM images showed monodispersed DNDs when alone (Fig. 2(a))
and clusters for nanoconjugates, Fig. 2 (b,c). The size of DNDs alone as
determined by TEM was 2.1 nm. There was an increase in size upon
conjugation to 4.1 and 6.5 nm, for DNDs-BODIPY and ZnTPPcQ-DNDs-
BODIPY, respectively (shown as examples in Fig. 2). Such increases in
size upon conjugation of BODIPY or Pcs to other nanoparticles such as
GQDs have been reported to be due to aggregation [14,36,37]. Dynamic
light scattering (DLS) analysis, Fig. 3, revealed average hydrodynamic
sizes of 2.3nm, 4.5nm, and 7.5nm for DNDs, DNDs-BODIPY and
ZnTPPcQ-DNDs-BODIPY, Table 1. Sizes determined by DLS have been
reported to be larger than those determined by other methods since DLS
sizes tend to be skewed toward larger particles [38], hence DLS sizes
are larger than those obtained with TEM in this work.

Zeta potential is a measure of charges carried by particles suspended
in a liquid (mostly water). It is an important parameter in the fabrica-
tion of supramolecular structures as a high zeta potential confers col-
loidal stability. Therefore, zeta potential values of nanoconjugated as-
sembles intended for biomedical applications gives an indication of
aggregation tendencies in aqueous media [39]. Previous studies have
shown that temperature, pH and sample concentration are amongst
other factors that can influence the zeta potential [40]. In this study,
different temperatures (11, 22, 37, 60 and 80 °C), pHs (2, 4, 7, 10 and
13) and concentrations (5, 10, 20, 40 and 50pug/ml (m/v)) were
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Fig. 1. FTIR spectra of (a) BODIPY, (b) DNDs, and (c) DNDs-BODIPY showing
formation of ester bond.
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Fig. 2. TEM images of (a) DNDs, (b) DNDs-BODIPY and (c¢) ZnTPPcQ-DNDs-
BODIPY showing morphology and particles size distribution of constructed
nanoassemblies.

employed.
In this work, zeta potential was carried out in water instead of
cultured medium because previous studies on nanoparticles have
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shown that cultured media contain albumin protein which is negatively
charged at neutral pH and can adsorb to the surface of the nanoparticle
to influence their zeta potential [41,42].

Fig. 4(a) illustrates the zeta potential measurement as a function of
pH for DNDs nanoparticles with or without BODIPY and/or ZnTPPcQ
conjugation. Zeta potential values of DNDs increased (became more
positive or more negative) upon conjugation (DNDs-BODIPY, ZnTPPcQ-
DNDs and ZnTPPcQ-DNDs-BODIPY) for pH = 2, 4 and 7. Similar in-
creases in zeta potential upon functionalisation of the NDs to doxor-
ubicin (DOX) and TAT (HIV trans-activator of transcription protein)
have been previously reported [43]. High zeta potential values, irre-
spective of charge, infer stability [44]. High zeta potential values fol-
lowing hybrid formation points to improvement in the dispensability of
the resulting supramolecular structures, signifying high colloidal sta-
bility. When the zeta potential is small, attractive forces may exceed
this repulsion, resulting in aggregation [45]. Thus, Fig. 4a shows higher
stability for ZnTPPcQ-DNDs-BODIPY when compared to DNDs-BODIPY,
ZnTPPcQ-DNDs and DNDs alone at pHs 2, 4 and 7.

To find a suitable concentration of the drug for electrosteric stabi-
lisation of the colloids, different concentrations of ZnTPPcQ-DNDs-
BODIPY were investigated in aqueous medium prior to in vitro cell
studies. Suspensions that have a measured zeta potential above 30 mV
or below —30mV are considered stable because these particles will
presumably maintain their repulsive forces while dispersed [46,47].

Fig. 4(b) demonstraes general stability of ZnTPPcQ-DNDs-BODIPY
(-51, -44, -39, -32 and 183 mV) at various drug concentrations (5, 10,
20, 40 and 50 pg/mL), respectively, in aqueous media. ZnTPPcQ-DNDs-
BODIPY showed the most stability at a high concentration of 50 ug/mL
when both pH (7) and temperature (37 °C) remained constant. There-
fore, high concentrations of the nanoconjugate resulted in high zeta
potential value. Similar increases in the zeta potential with increasing
concentration to that obtained in Fig. 4(b), have been previously re-
ported as an indication of neutralisation of surface charges in a solution
[40,44].

Fig. 4(c) shows zeta-potential measurements as a function of the
temperature of the solution at approximately 11, 22, 37, 60 and 80 °C
for 50 ug/mL concentrated solution at pH 7. The behaviour of con-
structed ZnTPPcQ-DNDs-BODIPY nanoconjugate system was in-
vestigated in order to understand the effect of temperature on the na-
nohybrid. It is observed that zeta potential increases as the temperature
is increased indicating stability of the compound. This behaviour is
consistent with experimental results from previous studies [40].
Therefore, an increase in body temperature will not compromise the
stability of the drug but rather improve it.

The zeta potentials of the nanoassemblies of DNDs-BODIPY,
ZnTPPcQ-DNDs and ZnTPPcQ-DNDs-BODIPY were determined at con-
stant temperature (27 °C), concentration (10 pg.ml_l) and pH = 7 and
showed zeta potentials of -48.6, -48.9 and -58.3 mV, respectively were
obtained, Table 1. Zeta potentials of DNDs, ZnTPPcQ and BODIPY alone
were 43.0, 15.0 to 64.7 mV, respectively, Table 1. Thus, from the zeta
potential values listed in Table 1, DNDs, BODIPY, DNDs-BODIPY,
ZnTPPcQ-DNDs and ZnTPPcQ-DNDs-BODIPY with values > + 30 mV
may be considered to be stable, while ZnTPPcQ is unstable. Surpris-
ingly, DNDs showed positive surface charge despite the predominant
carboxylic acid groups on the ND surface shown in FT-IR. Similar ob-
servations have been attributed to carbon basicity (due to oxygen de-
fects) [46].

Raman spectra were used to determine the quality of the con-
structed DNDs nanoassemblies. The disorder (D) sp® defects and gra-
phitic (G) sp* peaks from in plane vibrations were observed at 1369 and
1585cm ™}, respectively (Fig. 5(a)) for DNDs alone. The D bands of the
DNDs-BODIPY (Fig. 5(b)) and ZnTPPcQ-DNDs-BODIPY (Fig. 5(c)) shift
to lower wavenumbers compared to DNDs alone. Shifts in the Raman
frequencies are often indicative of strong m-electron interactions in
hybrid materials [48]. The G bands for DNDs, DNDs-BODIPY and
ZnTPPcQ-DNDs-BODIPY did not shift as well as the D band for
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Fig. 3. DLS plots of (a) DNDs, (b) DNDs-BODIPY and (c) ZnTPPcQ-DNDs-BODIPY.

ZnTPPcQ-DNDs.

The Ip: I (sp®:sp?) ratio is generally considered as a quality para-
meter to determine the extent of functionalisation of the carbon na-
nomaterials. This is because the intensity of the G-band is not affected
by defects, whereas the D-band is enhanced by the presence of sp>
defects in the sp? lattice. Conjugation to form ZnTPPcQ-DNDs (0.15),
DNDs-BODIPY (0.25) and ZnTPPcQ-DNDs-BODIPY (0.33) resulted in
increased DNDs (0.01) defects as judged by the increase in Iy:Ig ratio,
Table 1. This increase in disorder could have been due to BODIPY and
ZnTPPcQ, causing more stress/strain onto the nanoparticle. The in-
crease or decrease in Ip:Ig ratio of GQDs has been previously reported to
be due to size-dependent edge-state variation of GQDs [48]. A similar
increase in the Ip:Ig ratio has been reported for GQDs nanoconjugates of
BODIPY and phthalocyanines [14]. This indicates that doping DNDs
with BODIPY and Pc loading increased the strain/stress and defects.

Theromogravimetric analyses of DNDs, BODIPY, ZnTPPcQ, DNDs-
BODIPY and ZnTPPcQ-DNDs-BODIPY were conducted in the tempera-
ture range of 50-1000 °C in air and the results are presented in Fig. 6. In
comparison with DNDs (97%), the TGA curves for DNDs-BODIPY,
ZnTPPcQ-DNDs and ZnTPPcQ-DNDs-BODIPY revealed a decreased
weight loss of 75, 94 and 37%, respectively, which was correlated to the
thermal decomposition of the grafted BODIPY and ZnTPPcQ. ZnTPPcQ-
DNDs-BODIPY showed less weight loss compared to DNDs-BODIPY and
ZnTPPcQ-DNDs. A possible explanation for this might be due to the
presence of nitrogen in both the BODIPY and ZnTPPcQ which forms a
heat resistant protective network, thus somehow retarding the weight
loss of ZnTPPcQ-DNDs-BODIPY. Similar formation of nitrogen protec-
tive network due to temperature increase in TAT-ND-DOX has been
reported to yield less weight loss [43]. Hence, functionalisation of
DNDs improved the thermal stability of constructed conjugates. Mass
loading ratios were calculated from TGA, using DNDs decomposition as
a point of reference following a previously reported method [49]. The
respective masses of ZnTPPcQ and/or BODIPY loaded onto DNDs are as
follows: ZnTPPcQ-DNDs, BODIPY-DNDs and ZnTPPcQ-DNDs-BODIPY

30.89, 282.34 and 333.63 g Pc per mg DNDs, respectively, as shown in
Table 1.

Fig. 7(a) and (b) shows UV-vis absorption spectra of DNDs, Pcs,
BODIPY and their conjugates, separately dispersed in DMSO and water,
respectively. The broad absorption band of DNDs in both solvents, is
associated with absorption peaks from m—m* transition of aromatic sp?
domains in the material [50]. The ground state absorption spectra of
Pcs are dominated by two major absorption bands in the visible or near
infrared (IR) (670-1000 nm) and the UV (325-370 nm) regions corre-
sponding to the Q and the B bands, respectively [3]. Absorption spec-
trum for ZnTPPcQ alone (Fig. 7(a)) showed a narrow Q band at 680 nm
(Table 1) in DMSO typical of monomeric MPcs [51]. The absorption
maximum for BODIPY at 649 nm has been previously reported [15].
There was a red shift (and broadening) in the spectrum of BODIPY upon
conjugation to DNDs. Similar red shifts and peak broadening upon
conjugation of BODIPY to nanoparticles has been previously reported
[52]. In water, extensive aggregation occurred as judged by peak
broadening shown in Fig. 7(b) of the dyes, typical of Pcs in aqueous
media [51].

3.2. Photophysicochemical properties

Decreases in fluorescence quantum yields (®y) and lifetimes (tf) of
photosensitisers (BODIPY and ZnTPPcQ) were observed in the presence
of DNDs for ZnTPPcQ-DNDs and DNDs-BODIPY, respectively. For
ZnTPPcQ-DNDs-BODIPY the @y and 7y values are less than that for
ZnTPPcQ and BODIPY alone. It is important to note that excitation
wavelength used for ®r and 1 value determinations at 649 nm, and
670 nm, respectively will excite both the BODIPY and Pcs, hence the @
and tf values are influenced by both photosensitisers. Fluorescence
quantum yield and lifetime have direct relationship, hence they both
decreased. BODIPY alone showed high fluorescence quantum yields,
typical of BODIPYs [53].

The triplet quantum yield of ZnTPPcQ (®r = 0.73) increased

Table 1

Parameters for BODIPY, ZnTPPcQ, DNDs-BODIPY, ZnTPPcQ-DNDs and ZnTPPcQ-DNDs-BODIPY in DMSO (unless otherwise stated).
Sample A (nm) DLS size Mass Ratio Loading (ug Pc/mg Zeta potential & Raman spectra Ip/Ig Op T (ns)° O Tr (us) @,

(nm) QDs) (mV)? ratio

DNDs - 2.3 43.0 0.01 - - - - -
BODIPY 649 1.5 64.7 - 0.53° 3.87¢ - 0.32 (0.24)
ZnTPPcQ 680 0.7 15.0 - 0.18 2.74° 0.73 ¢ 326° 0.41d(0.03)
ZnTPPcQ-DNDs 679 3.9 30.89 —48.9 0.15 0.15 2.69 0.75 301.5 0.62(0.05)
DNDs-BODIPY 675 4.5 282.34 —48.6 0.25 0.11 2.64 = = 0.68(0.36)
ZnTPPcQ-DNDs- 683 7.5 333.63 —58.3 0.33 0.10 2.61 0.76 2289 0.73 (0.50)

BODIPY

temperature (27 °C), concentration (10 ug.ml~") and pH = 7.
excitation wavelength = 670 nm for BODIPY and Pcs.
Values from reference 15.

No signal.

Values from reference 37.

Values in brackets in water (containing 1% DMSO).
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Fig. 4. Zeta potential plots for (a) DNDs and conjugates as function of pH when concentration (50 pg/mL) and temperaturel (27 °C) are kept constant; (b) ZnTPPcQ-
DNDs-BODIPY at different concentrations, but at a constant temperature of (37 °C) and neutral pH (7), and (c) ZnTPPcQ-DNDs-BODIPY at a constant concentration
(50 ug/mL) and neutral pH (7) as the temperature of the aquesous medium changes.

slightly in the presence of DNDs for ZnTPPcQ-DNDs (&t = 0.75) and
ZnTPPcQ-DNDs-BODIPY (&1 = 0.76). @t increased where there was a
decrease in ®f since the two are competing processes. The ®r values for
BODIPY and DNDs-BODIPY could not be determined due to lack of a
signal. The triplet lifetimes decreased with increase in triplet quantum
yields as expected [54].

Singlet quantum yields are an indication of the energy transfer from
triplet excited state of a photosensitiser to ground state molecular
oxygen. Therefore, singlet oxygen generation depends on triplet
quantum Yyield and triplet lifetime of a photosentisiser. Singlet oxygen
quantum yield (®,) values were determined under ambient conditions
using DPBF and ADMA as singlet oxygen scavengers in DMSO and
water, respectively, Fig. 8. Gradual decrease in absorption bands of
both DPBF and ADMA with increase in irradiation time was observed
while the Q band of the Pc remained the same, indicating photostability
of the Pc. The ®, values in DMSO were calculated to be 0.32, 0.41,
0.62, 0.68, and 0.73 for BODIPY, ZnTPPcQ, ZnTPPcQ-DNDs, DNDs-
BODIPY and ZnTPPcQ-DNDs-BODIPY, respectively. For ZnTPPcQ-
DNDs-BODIPY, both BODIPY and Pc are excited. The increase in the ®,
values for ZnTPPcQ-DNDs and ZnTPPcQ-DNDs-BODIPY corresponds to
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the increase in the triplet quantum yields since singlet oxygen is gen-
erated from the triplet state. The increase in ®, for DNDs-BODIPY
compared to BODIPY corresponds to the decrease in fluorescence
quantum yields. The increase in ®, shows that BODIPYs are more vi-
able photosensizers in the presence of DNDs. A dramatic drop in the ®4
values in water was observed. This could be due to the fact that oxygen
has higher solubility in many organic solvents compared to water [55],
which could be responsible for the low singlet oxygen generation in
water.

3.3. MCF-7 breast cancer cell studies

3.3.1. Invitro dark cytotoxicity

Dark cytotoxicity studies of DNDs, BODIPY, ZnTPPcQ, DNDs-
BODIPY, ZnTPPcQ-DNDs and ZnTPPcQ-DNDs-BODIPY were performed
in vitro on MCF-7 cancer cells by quantification of surviving cells using
the WST-1 cell proliferation assay 24h after the treatment with
5-50 pg/ml concentrations of the complexes and conjugates (Fig. 9, Fig.
S1, in Supporting Information). The control cells showed 99.5 + 1%
viable cells, suggesting that 1% (v/v) DMSO in supplemented media
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Fig. 5. Raman spectra of (a) DNDs, (b) DNDs-BODIPY (c) ZnTPPcQ-DNDs and
(d) ZnTPPcQ-DNDs-BODIPY.

had a negligible effect on the cells (Fig. 9). The dark toxicity in cell
culture which was used as the stock solution diluent was found to be
similar with what was obtained in supplemented DMEM alone. Photo-
sensitisers showed negligible dark toxicity on MCF-7 with cell viability
at the highest tested concentration (50 pg/mL) being as follows: DNDs
(98.2 = 4%), BODIPY (99.4 * 1%), ZnTPPcQ (99.3 * 1%), DNDs-
BODIPY (100 * 7%), ZnTPPcQ-DNDs (100 * 1%) and ZnTPPcQ-
DNDs-BODIPY (98.6 *= 3%), Fig. 9(a) and Sla. In general, it was ob-
served that there was no statistically significant difference in the per-
cent viability of the cells as the concentration of the photosensitisers
increases. Upon analysis of the triplicate replicate data of each con-
centration, we observed that there was no statistically significant dif-
ference as the p-value was found to be less than 0.05. On average,
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Fig. 7. UV-vis spectra of DNDs, ZnTPPcQ, BODIPY, DNDs-BODIPY, ZnTPPcQ-
DND and ZnTPPcQ-DNDs-BODIPY in (a) DMSO and (b) water (containing 1%
DMSO) for all samples.

cytotoxicity viability tests of the nanoparticles, dyes and nano-assem-
blies showed that 97.9 = 3 of the cells were still viable when com-
pared to those of the control cells. Thus suggesting that there was no
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Fig. 6. Thermogravimetric analysis (TGA) curves for samples heated at 20 °Cmin~"' from 50 to 1000 °C in air.
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BODIPY, ZnTPPcQ-DNDs and ZnTPPcQ-DNDs-BODIPY. Control (0 mg/mL)
conducted in 1% DMSO in growth media. Irradiation time 300s at 13.5 J/cm?.

significant difference between the nanoparticles, dyes alone and the
constructed nanoassemblies dark cytotoxicity. In vitro dark toxicity is
not desirable for photosensitisers aimed for use in PDT. Dark cyto-
toxicity is unwanted in PDT applications because it results in cytocidal
activity against both healthy and tumour cells. Thus DND nanoparticles,
dyes and nanoassemblies are ideal photosensitisers for PDT.

3.3.2. Photodynamic therapy

The MCF-7 cancer cells were treated with different concentrations
(5-50 pg/mL) of DNDs, BODIPY, ZnTPPcQ, DNDs-BODIPY, ZnTPPcQ-
DNDs and ZnTPPcQ-DNDs-BODIPY, followed with irradiation of light
(13.5Jem ™) for 300 s to evaluate the photodynamic therapy activities
of the complexes. It should be noted that the effectiveness of a photo-
sensitiser is affected by a number of factors including cell type, cellular
uptake, localisation, drug concentration, and irradiation time [32-34].
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8. UV-Vis spectral changes of (a) DPBF in DMSO and (b) ADMA in water using ZnTPPcQ-DNDs-BODIPY as a photosensitizer.

Only concentration was varied in this work in order to study the effects
on the individual components when compared to the composites. The
photo-irradiation of MCF-7 cancer cells was done using light from a
general electric quartz lamp (following the use of a glass filter) since
quartz lamp have been shown to be effective light source in the photo-
irradiation of tumour cells [56,57].

Photosensitisers showed significant cytotoxicity on MCF-7 with cell
viability at the highest tested concentration (50 pg/mL) of: DNDs
(31.2 = 2%), BODIPY (86.8 *+ 2%), ZnTPPcQ (74.7 * 7%), DNDs-
BODIPY (27.7 *£ 3%), ZnTPPcQ-DNDs (29.6 * 2%) and ZnTPPcQ-
DNDs-BODIPY (21.4 = 5%), Fig. 9(b) (and Fig. S1b, supporting in-
formation). Thus, ZnTPPcQ-DNDs-BODIPY exhibited the highest pho-
totoxicity towards MCF-7 with only 21 = 5% cell viability at the
highest tested concentration of 50 ug/mL, Fig. 9(b). ZnTPPcQ alone
showed low PDT activity with cell viability of =75%, while BODIPY
alone showed =87% at the highest tested concentration, Fig. S1b. For
BODIPY (which had a reasonably high singlet oxygen quantum yield in
water), the low PDT activity could be due to low permeability into the
cell due to the absence of positive charges on the photosensitisers. As
stated above, positively charged photosensitisers show higher PDT ac-
tivity [58,59]. However, despite the positive charge of ZnTPPcQ in
ZnTPPcQ-DNDs, the latter showed relatively low PDT activity due to
the low singlet oxygen quantum yield properties in water (Table 1).
DNDs-BODIPY showed better PDT activity when compared to
ZnTPPcQ-DNDs due to the nature of interaction between BODIPY/
ZnTPPcQ and the DNDs. Covalently linked nanosystems between Pc
and carbon nanostructures have been previously reported to show
better properties when compared to non-covalently linked nanosystems
[60]. This could be attributed to phase separation between non-cova-
lently linked nanosystems due to the absence of a bond between DNDs
and ZnTPPcQ. The higher PDT activity of ZnTPPcQ-DNDs-BODIPY
could arise from synergistic effects related to the positively charged
sites from the ZnPc complex, BODIPY and DNDs leading to greater
spread of singlet oxygen within the cell. The general enhancement in
PDT activity of the quaternary complexes could be attributed to in-
troduction of positively charged site which specifically bind to cancer
cells and increases cell permeability. The marked increase in PDT ac-
tivity with increased concentration indicating probable increase in the
cellular uptake of complexes as concentration rises. Upon analysis of
the triplicate replicate data of each concentration, we observed that
there was statistically significant difference as the p-value was found to
be less than 0.01.

4. Conclusion
ZnTPPcQ and BODIPY were assembled onto DNDs to form

ZnTPPcQ-DNDs, DNDs-BODIPY and ZnTPPcQ-DNDs-BODIPY. A com-
bination of ZnTPPcQ, BODIPY and DNDs showed better
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physicochemical properties (triplet and singlet oxygen quantum yields)
both in water and DMSO. Colloidal stability of ZnTPPcQ-DNDs-BODIPY
was obtained under various temperature, concentration and pH con-
ditions. Zeta potential studies of ZnTPPcQ-DNDs-BODIPY under various
temperatures, concentrations and pH conditions, showed the conjugate
is more stable at pHs 2, 4 and 7 and at high concentrations (50 pg/mL)
and temperatures (80 °C). Thermogravimmetric analysis showed that
ZnTPPcQ-DNDs-BODIPY was the most thermally stable. The in vitro
cytotoxicity test on MCF-7 cancer cells showed that DNDs and re-
spective  nanoassemblies; ZnTPPcQ-DNDs, DNDs-BODIPY and
ZnTPPcQ-DNDs-BODIPY were relatively not toxic in the absence of
light. ZnTPPcQ-DNDs showed cell viability of 30 * 2%, DNDs-
BODIPDY (28 + 2%) and ZnTPPcQ-DNDs-BODIPY (21 + 5%). The
photodynamic therapy activity was higher for ZnTPPcQ-DNDs-BODIPY,
showing that the three component nanoassembly works better than
individual components.
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