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5,10, 15, Triphenyl-20-p-phenoxy benzoic acid porphyrins (P) containing Zn Received 11 June 2016
(ZnP), Ga (GaP), and Si (SiP) were synthesized and conjugated to pluronic- Accepted 23 August 2016
silica (PluS) nanoparticles (NPs) where the fluorescence and singlet oxygen
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conjugated to the PluS NPs, the ®, was quenched and fluorescence was oxygen quantum yield;
enhanced. The pore size of the NPs upon conjugation decreased from 18.9 nm photodynamic therapy
for PluS NPs to 2.4 nm (for ZnP as an example) as determined by applying
the Brunauer-Emmett-Teller method. The porphyrin complexes and their
conjugates were tested for their photodynamic therapy (PDT) activity on
MCF-7 breast cancer cells. It was found that ZnP and its conjugate showed
the highest PDT activity. The p > 0.05 indicated that ZnP is significantly
different than GaP and SiP.
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1. Introduction

Photodynamic therapy (PDT) is a minimally invasive treatment modality of tumor cells, which requires
laser light of appropriate wavelength, a viable photosensitizer, and molecular oxygen [1, 2]. The electron-
ically excited photosensitizer transfers its energy to ground state molecular oxygen to produce excited
singlet oxygen, which acts as the chief cytotoxic species and thus, results in irreversible photo-damage
of the tumor cells [1, 2]. Porphyrins are well-known photosensitizers for PDT [1]. Porphyrins containing
carboxy groups are in clinical trials [2] hence carboxy porphyrins are employed in this work.

Theinterest in mesostructured silica nanomaterials has increased because of possible applicationsin
the pharmaceutical and chemical industries [3]. Meso structured materials can be described as having
pore sizes that range from 2 to 50 nm. When these materials are synthesized, the surfactant which is
used is very important as it will influence the pore size. Silica-based nanoparticles (SiNPs) can be func-
tionalized to allow for covalent and non-covalent immobilization of other molecules such as porphyrins.

In this work, pluronic 127 which is a non-ionic block copolymer was used for the synthesis of
pluronic-silica nanoparticles (PluS NPs). Pluronic F127 is a poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO) copolymer which forms micelles with the terminal PEO segment
acting as a hydrophilic corona and PPO as a hydrophobic core [4]. The advantage of using pluronic 127
for the synthesis of NPs is that the pore size can be regulated using different temperatures [4]. It has
been reported that the higher the temperature used for synthesis, the larger the pore size [4]. PluS NPs
have low toxicity, show photophysical inertness, have high surface-to-volume ratio, and good water
solubility [5]. Because of these properties, PluS NPs are compatible with most formulations for medical
applications [6].

The porphyrins in this work are asymmetrically substituted to allow for a more defined linking to
PluS NPs. This work reports on the linking of three porphyrin complexes (containing Zn, Ga and Si as
central metals) separately to PluS NPs. The photophysical properties of the porphyrins are assessed
when alone or when linked to PluS NPs. Porphyrins have been encapsulated into mesoporous SiNPs
for drug delivery [6, 7], PDT [8], and for fluorescence sensing [9]. Porphyrins have also been covalently
grafted onto mesomeric SiNPs [10]. The formation of nanoparticle-pluronic-porphyrin conjugate where
pluronic moiety (not as nanoparticles) acts as a bridge has been reported [11]. This work reports a more
controlled grafting of porphyrins onto PluS NPs and their PDT properties. Thus, the pluronic nanopar-
ticles are chemically linked to porphyrins instead of the non-particle moiety used in the literature [11].
Nanoparticles are preferred due to increased surface area.

Pluronic F127 contains hydroxy end groups [12], and the porphrins in this work contain a COOH
allowing for linking to OH of PIuS to form an ester bond. Si, Ga, and Zn were chosen as central metals
due to their diamagnetic nature which together with the heavy metal effect of Ga and Zn will encour-
age intersystem crossing to the triplet state, ultimately improving singlet oxygen generation. As stated
above, singlet oxygen is the cytotoxic species for PDT.

Symmetrically substituted porphyrins with carboxy phenoxy groups are known [13, 14]; however,
the mono substituted derivative of this porphyrin is reported in this work for the first time. There are no
reports in the literature on the Zn, Ga, and Si derivatives of this P, hence reported for the first time in this
study. Their conjugation to PLuS NPs, photophysical, and PDT studies is also reported for the first time.

2. Experimental
2.1. Materials

Pluronic 127 (MW ~12,600), pyrrole, tetraethyl orthosilicate (TEOS), 4-(4-formylphenoxy) benzaldehyde,
dimethylformamide (DMF), dichloromethane (DCM), petroleum ether, dimethyl sulfoxide (DMSO), N,N
dicyclohexylcarbodiimide (DCC), benzaldehyde, silicon tetrachloride, sodium azide, zinc chloride, gal-
lium chloride, Zn tetraphenyl porphyrin (ZnTPP), and propionic acid were purchased from Sigma-Aldrich.
The purification processes were carried out on silica gel 60 (0.063-0.200 mm) for column chromatogra-
phy which was bought from Macherey-Nagel (MN) Germany. Cultures of MCF-7 breast cancer cell lines
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were obtained from Cellonex®. Dulbecco’s phosphate-buffered saline (DPBS), trypsin, ethylenediamine-
tetraacetic acid, and Dulbecco’s modified Eagle’s medium (DMEM) were obtained from Lonza®, 10% (v/v)
heat-inactivated fetal calf serum (FCS), neutral red cell proliferation reagent (WST), and 100 unit mL™
penicillin-100 ug mL™" streptomycin-amphotericin B were obtained from Biowest®.

2.2. Equipment

Ground state electronic absorption spectra were recorded at room temperature using a Shimadzu
UV-2550 spectrophotometer and a 1-cm pathlength cuvette. Transmission electron microscope (TEM)
images were obtained using a Carl Zeiss Libra transmission electron microscope operating at 100 kV
accelerating voltage. Energy dispersive X-ray spectroscopy was carried out using a INCA PENTA FET
coupled to the VAGA TESCAM using 20 kV accelerating voltage.

X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 Discover equipped with a Lynx
Eye Detector, using Cu-Ka radiation (A = 1.5405 A, nickel filter). Data were collected from 26 = 10-60°
scanning at 10 min~' with a filter time constant of 2.5 s per step and a slit width of 6.0 mm. Samples
were placed on a zero background silicon wafer slide. XRD data were treated using Eva (evaluation
curve fitting) software. Baseline correction was performed on each diffraction pattern by subtracting
a spline fitted to the curved background.

IR spectra were recorded on a Perkin—-Elmer Spectrum 100 ATR FT-IR spectrometer. Fluorescence
emission spectra were recorded on a Varian Eclipse spectrofluorometer. Elemental analyses were car-
ried out on a Vario EL Ill MicroCube CHNS Analyzer. Mass spectral data were collected with a Bruker
AutoFLEX Ill Smartbeam TOF/TOF Mass spectrometer. Details have been provided before [15]. 'TH NMR
spectra were obtained using a Bruker AVANCE 600 MHz NMR spectrometer in CDCl,-d,..

The singlet oxygen generation was quantified using an ultrasensitive Germanium detector
(Edinburgh Instruments, EI-P) combined with a 1000 nm long pass filter (Omega, 3RD 1000 CP) and
a 1270 nm band pass filter (Omega, C1275, BP50) to detect the intensity of the singlet oxygen phos-
phorescence band at 1270 nm. These studies were done for all the porphyrins and their conjugates
in DMF, in the absence and presence of sodium azide (a physical quencher of singlet oxygen). Details
have been provided before [16].

Nitrogen adsorption/desorption isotherms were carried out at 77 Kusing a Micrometrics ASAP 2020
Surface Area and Porosity Analyzer. Prior to each measurement, degasing was carried out at 900 °C for
four days. The Brunauer-Emmett-Teller (BET) method was employed to determine surface area and
porosity. The BET surface area and total pore volume were calculated from the isotherms obtained. The
details of the setup have been previously described [17].

Time-of-Flight Secondary lon Mass Spectrometer (TOF-SIMS) data were recorded with ION TOF GmbH
TOF SIMS 5-100 run in micro-raster mode. The raster area was 3000 pm X 3000 pm, and the sample
was run in both positive and negative ion modes. The analyzer was set to a standard operating mode
with a cycle time of 100 ps, while the primary beam was a Bi, ion cluster gun with a current of 0.4 pA
and an energy of 3000 eV (also termed as spectrometry mode). The Bi, cluster and electron flood gun
were used to get a better ion signal from the sample. Charge compensation was used to account for the
electron flood gun. The raw data were processed using the SurfaceLab 6.5 software provided by ION TOF.

2.3. Synthesis

2.3.1. Synthesis of Pluronic Silica nanopatrticles

The nanoparticles were synthesized according to the literature [18] with slight modification as follows:
Pluronic 127 (2 g) was dissolved in a mixture of H,O (15 mL) and 2 MHCI (60 mL) and then TEOS (4.25 g)
was added and the mixture was vigorously stirred at 45 °C for 20 h. The mixture was then further heated
to 100 °Cin an oven for 12 h and then cooled to room temperature. The resulting product was filtered
and vacuum dried at room temperature. The product was then calcinated at 550 °C for 12 h.
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2.3.2. Synthesis of porphyrins

2.3.2.1. Synthesis of 5, 10, 15, triphenyl-20-p-phenoxy benzoic acid porphyrin (H,P), scheme 1. The
synthesis was carried out with modification of the reported procedure [19, 20]. Benzaldehyde (3.98 g,
0.024 mol) and 4-(4-formylphenoxy) benzaldehyde (1.8 g, 0.0074 mol) were dissolved in 250 mL
propionic acid and refluxed at 140 °C while vigorously stirring. Then, pyrrole (3.25 mL, 0.047 mol) was
added dropwise through a dropping funnel. This mixture was refluxed for 30 min and allowed to cool
to room temperature overnight. Methanol was then added and the solid left to precipitate, followed by
filtration. Column chromatography using silica gel was carried out to purify the product using petroleum
ether and DCM (1 : 3) as mobile phases, to give a dark purple product.

Yield: (72%). IR (KBr,cm™"): 3278 (O-H), 1531(C=C), 1374(CH,), 1006(C-0), 770(C-H). "H NMR 600 MHz,
CDdl,) 6 (ppm) 8.86-8.81 (m, 6H) 8.23 (d, J=12,6H) 8.11 (d, J=6,2H) 7.81-7.74 (m, 17H) 7.24 (d, /= 12,
2H). UV/Vis (DMF) A__ nm (log €): 416 (4.99), 512 (4.27), 548 (3.89), 643 (3.22). Calcd for C,H,,N,0,.
H,0=79.96, H=4.55 N =7.28, Found: C=80.52, H = 4.41 N = 7.21 MALDI-TOF-MS m/z Calcd: 750.84.
Found (M-2H)* 748.40

2.3.2.2. Synthesis of CIGa, Cl,Siand Zn 5, 10, 15, triphenyl-20-p-phenoxy benzoic acid porphyrin (GaP,
SiP and ZnP), scheme 1. The synthesis is as follows: DMF was brought to reflux in a two-necked
flask while stirring and then metal free porphyrin synthesized above (3 g, 3.9 mmol) was added and
temperature brought to 100 °C. Then, gallium chloride (1 g, 5.6 mmol), silicon tetrachloride (1.48 g,
8.7 mmol), or zinc chloride (1 g, 7.3 mmol) were added and heating continued for 15 min. The completion
of the reaction was checked using a UV/Vis spectrophotometer. The reaction vessel was then allowed to
cool in ice water. Ice cold water (500 mL) was added onto the resulting partially crystalline precipitate,
which was then filtered, washed with water, and air dried. The product was purified by silica column
chromatography. The color of SiP was dark green, while ZnP and GaP were plum/eggplant in color.

Proplonlc acid

Pyrrole
140 °C, 30 mm O COOH

COOH

Metal salt, DMF,
reflux

Q w O o

M = CIGa, Cl2Si and Zn

Scheme 1. Synthetic pathway of metal free, CIGa, CL,Si, and 5, 10, 15, triphenyl-20-p-phenoxy benzoic acid porphyrin, represented
as GaP, SiP and ZnP.
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GaP:Yield: (48%). IR (KBr,cm™): 3306 (O-H), 1556(C=C), 1343(CH,), 962(C-0), 791(C-H). '"H NMR (600 MHz,
CDCl,) 6 (ppm): 8.91-8.86 (m, 4H), 8.23 (d, J = 12, 6H), 8.10 (d, J = 6, 2H), 7.82-7.76 (m, 17H), 7.24 (d, J = 12,
2H). UV/Vis (DMF) )\maxnm (log €):425 (4.23),552 (3.87), 591 (3.35). Calcd forC51H32N4O3GaCI H,0:C=70.17,
H=3.78, N=6.42, Found: C70.59,H=3.68, N = 6.47 MALDI-TOF-MS m/z Calcd: 854.12. Found (M 2H)*852.23.

SiP:Yield: (52%). IR (KBr, cm"): 3306 (O-H), 1556(C=C), 1343(CH,), 962(C-0), 791(C-H)."H NMR (600 MHz,
CDCI3) 0 (ppm): 8.90-8.86 (m, 4H), 8.24 (d, J=12,6H),8.10 (d, /=6, 2H), 7.81-7.76 (m, 17H), 7.24 (d, /=12,
2H). UV/Vis (DMF) A__ nm (log &): 446(4.33), 662 (3.75) Calcd for C,,H;,N,0O,SiCl,: C=72.25, H = 3.80,
N =6.61, Found: C=72.16,H=3.56, N = 6.24. MALDI-TOF-MS m/z Calcd: 846.16. Found (M-Cl)* 812.36

ZnP: Yield: (67%). IR (KBr, cm™): 3306 (O-H), 1556(C=C), 1343(CH,), 962(C-0), 791(C-H). '"H NMR
(600 MHz, CDC|3) 0 (ppm): 8.86 (m, 4H), 8.24 (d, J=12,6H),8.10 (d, /=6, 2H), 7.82-7.76 (m, 17H), 7.24 (d,
J=12, 2H). UV/Vis (DMF) )\max nm (log €): 429 (4.21), 559 (3.90), 599 (3.39). Calcd for C4,H3,N,0,Zn.2H,0:
C=7223,H=3.95 N=6.59, Found: C = 70.68, H = 3.42, N = 6.21 MALDI-TOF-MS m/z Calcd: 848. 16

Found (M-4H)* 844.23.

2.3.3. Conjugation of GaP, SiP, and ZnP to PluS NPs, to form GaP-PluS NPs, SiP-PluS NPs, and
ZnP-PluS NPs, scheme 2

GaP, SiP, and ZnP (0.02 g, 0.023 to 0.025 mmol) were first dissolved in DMF (10 mL), then DCC (0.03 g,
0.145 mmol) was added to convert the carboxylic group (~COOH) of the porphyrin into an active car-
bodiimide ester group. This mixture was stirred at room temperature for 24 h. After this time, 0.04 g
of PluS NPs was added and the mixture stirred for further 24 h. The conjugate was separated from the
un-conjugated nanoparticles using Bio-Beads S-X1 from Bio-Rad.

2.4. Cytotoxicity and PDT studies

2.4.1. In vitro dark cytotoxicity studies
MCF-7 carcinoma cells were cultured using DMEM containing 4.5 g L' glucose with L-glutamine
(0.1 g L") and phenol red, supplemented with 10% (v/v) heat-inactivated FCS (50 mL), and 100 unit mL™"

COOH

Scheme 2. Covalent attachment of PluS NPs to the MP.
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penicillin-100 pg mL™" streptomycin-amphotericin B. The cells were grown in 75 cm? vented flasks
(Porvair®) and incubated at 37 °Cand 5% CO, with humidified atmosphere. Once 90-100% cell conflu-
ence was achieved as determined through microscopic examination, the cells were rinsed with DPBS.
The cells were passaged through routine trypsinization. Routine viability and cell enumeration were
performed using the trypan blue dye exclusion assay (0.4% trypan blue solution) using a hemocytom-
eter. Cells were seeded at a cell density of 10,000 cells/well in supplemented DMEM containing phenol
red in 96-well tissue culture plates (Porvair®), and incubated in a humidified atmosphere at 37 °C and
5% CO, for 24 h to foster cell attachment to the wells. The attached cells were rinsed with 100 uL DPBS
once, followed by administration of 100 uL supplemented DMEM containing gradient concentrations
of 4.2 x 1073-0.06 mg mL~" of PluS NPs, ZnP, GaP, and SiP and their conjugates. Vehicle controls were
performed with fresh supplemented medium or medium containing comparable amounts of DMSO
(0.1-0.8% (v/v)).

After 24-h incubation with supplemented DMEM with phenol red, cell proliferation neutral red rea-
gent (WST-1) was used to quantify the surviving cells. The WST-1 assay was used to assess the toxicity
and cell proliferation as per the manufacturer’s instructions (Roche) using a Synergy 2 multi-mode
microplate reader (BioTek®) at a wavelength of 450 nm.

The percent cell viability was determined using equation 1:

Absorbance sample at 450 nm
Absorbance control at 450 nm

% cell viability = X 100 (1)
where the absorbance of sample is the cells containing ZnP, GaP, and SiP and their conjugates, while
absorbance of control is the placebo cells containing only supplemented DMEM with phenol red.

2.4.2. PDT test

The PDT effects of the different complexes were investigated by incubating cells as explained above
with varying concentrations of ZnP, GaP, and SiP and their conjugates with PluS NPs. The difference is
that after incubation for 24 h and then washing with DPBS, the DMEM used did not contain phenol red.
The photo-irradiations were performed using glass filtered light from a general electric quartz lamp
(300 W) expanded to cover the plate, resulting in a power density of 93 mW cm=2 for each well. Water
filter was then used to exclude any IR radiation. A quartz lamp has been reported to be an effective light
source in the photo-irradiation of tumor cells [21]. The irradiation time was 300 s to result in irradiation
doses of 28 J cm~2. After irradiation, the medium was replaced with a fresh one containing phenol red.
The absorbance of the cells was measured at an excitation wavelength of 450 nm using a Synergy 2
multi-mode microplate reader (BioTek1) discussed above. There were no changes in the spectra of the
porphyrins following irradiation for PDT studies, hence confirming stability.

2.4.3. Statistical analysis

The data obtained from the three independent triplicate experiments were analyzed with a three-
way factorial ANOVA (analysis of variance) to determine the statistical differences between the in vitro
cytotoxicity and photodynamic effect of the photosensitizers on MCF-7 cancer cells. TukeyHSD post hoc
test was used to determine the mean differences in vitro photodynamic effect of the photosensitizers
on MCF-7 cancer cells. p-value of < 0.05 was considered significant.

3. Results and discussion
3.1. Characterization of SiP, GaP and ZnP

'H NMR and IR spectroscopy, mass spectrometry as well as elemental analyses were employed for char-
acterization of the porphyrins and gave satisfactory results. The C, H, and N elemental analysis data of
complexes are in agreement with their structure, and are consistent with the fact that porphyrins are
often isolated as solvates [22].
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Porphyrins are characterized by an intense band called the Soret or B band at about 400 nm.The Q
bands are observed between 500 and 600 nm. Figure 1 shows the spectra of ZnP, GaP, and SiP.The Soret
band of ZnP is at 427 nm, while the Q bands are at 563 and 604 nm. The Soret bands of GaP and SiP
are observed at 425 and 446 nm, respectively, table 1. Thus, the Soret band of SiP is highly red-shifted
compared to ZnP and GaP. Red-shift of Soret bands is often observed for distorted porphyrins [23]. The
Q bands for GaP are observed at 551 and 590 nm. A very prominent and intense Q band is observed at
669 nm for SiP with a weaker second component, figure 1. Metallated porphyrins contain two Q bands
called a (high energy band) and 8 (low energy band) [24]. The relative intensities of these bands have
been associated with the stability of the metal complex. When a > f as is the case for GaP and ZnP, the
metal forms a stable square-planar porphyrin complex [24]. For SiP 8 > a, implying an unstable complex
where the central metal can easily be displaced.

— S|P
— GaP

—==ZnpP

Normalized Intensity

550 650 750
Wavelength (nm)

Figure 1. Absorption spectra of SiP (Blue), GaP (Purple) and ZnP (Red). Solvent = DMF.

Table 1. Fluorescence and singlet oxygen quantum yields of GaP, SiP and ZnP as well as GaP-PluS NPs, SiP-PluS NPs and ZnP-PluS
NPs.

Complex A (Soret)/nm (@)° (@,

ZnP 427 0.09(0.11) 0.41(0.33)
GaP 425 0.12(0.17) 0.38(0.30)
SiP 446 0.15(0.22) 0.35(0.29)

Values in brackets are those of the conjugates.

1.2 -

—SiP
— (G 3P

—7 NP

Normalised intensity

550 600 650 700 750
Wavelength (nm)

Figure 2. Fluorescence emission spectra of SiP (Blue), GaP (Purple) and ZnP (Red). Solvent = DMF.
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Figure 2 shows the emission spectra of Zn and GaPs, which are typical [25] of a metallated porphyrin
with two bands differing in intensity at 605 and 652 nm for ZnP, and 604 and 648 nm for GaP. However,
SiP gave an emission which is not typical for metallated porphyrins, corresponding to the absorption
spectra above.

3.2. Characterization of conjugates of PluS NPs with porphyrins

3.2.1. UV-vis spectra

Conjugation of PluS NPs to the porphyrin complexes is shown in scheme 2. There was no change in
spectra following conjugation of the ZnP to PluS NPs, figure 3 (ZnP-PluS NPs was used as an example).
The PluS NPs showed no absorption.

3.2.2. TEM and energy dispersive spectra
Figure 4A shows TEM images of PluS NPs. The particles are mono dispersed with an average size of
163 nm (see accompanied histogram, figure 4(B)). The PluS NPs particles are spherical. Upon conjugation

1.2
1 e 7P-Plus NPs
>
=
"
=== ZnP
S 08 n
2
£
T 06
k]
©
E 04 rﬂ'/\'{\"
‘6 rd -
2 T T
0.2 500 550 600
0 ‘ - N ‘ .
300 400 500 600 700 800
Wavelength (nm)

Figure 3. Absorption spectra of ZnP—Plus NPs.

(A)

Counts

(€)

Size distribution (nm)

Figure 4. (A) TEM micrographs, accompanied histogram (B) of PluS NPs and (C) ZnP-PIuS NPs conjugate as an example.
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the PIuS NPs to ZnP (as an example in figure 4(C)), aggregation was observed. It was difficult to obtain
the overall average size for all the ZnP-PluS NPs due to aggregation. Energy dispersive spectra (EDS)
were carried out to determine the elemental composition of the PluS NPs. Si and O (from the Si NPs
core) were the major elements and carbon was observed from the pluronic 127 coating as shown in
figure 5; no other peaks were observed rather than the reference peak 0 keV.

3.2.3. XRD

The XRD pattern for the PluS NPs, figure 6, shows a broadband between 26 = 20° to 40°. The broadness
of the band confirms the amorphous nature (as a result of the surfactant) of the nanoparticles. The
amorphous nature continues following conjugation to porphyrins (figure 6). XRD was employed for
crystalline size determination using figure 6 and the Debye Scherrer equation 2 [26]:

094
~ pCosh

(2)

where kis an empirical constant equal to 0.9, A is the wavelength of the X-ray source, (1.5405 A, Bisthe
full width at half maximum of the diffraction peak, and 6 is the angular position of the peak.

Spectrum 1

0 1 2 3 4 5 B 7 8 9 10
Full Scale 4214 cts Cursor: 0.000 keY

Figure 5. Energy dispersive spectra (EDS) of PluS NPs.

PluS NPs

; W‘/\‘\: v " o \ - "
&
> T T T T T T T T 1
% 10 20 30 40 50 60
8
£ ZnP-PluS NPs

T T T T T 1

10 20 30 40 50 60

2 o/degree

Figure 6. X-ray powder diffraction (XRD) of PluS NPs and ZnP-PluS NPs conjugate.
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The average particle size was determined as 161 nm which is similar to that obtained by TEM. The
size following conjugation does not change much due to the large size of the PluS NPs compared to

the size of the porphyrins (~1 nm).

3.2.4. TOF-SIMS

The PluS NPs composition was further confirmed using TOF-SIMS, figure 7. TOF-SIMS is a very sensitive
surface analytical technique. It provides detailed elemental and molecular information about surfaces,
thin layers, interfaces, and full 3-D analysis of the samples. The mass distribution spectra (figure 7(B))
together with the images (figure 7(A)) showed the surface elemental compositions mostly to be -C,

(A) =

30
400
25
300
20
15 200
10
5
0
um 0 200 100
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Figure 7. (A) TOF-SIMS images of (i) Si, (i) OH~, O, (iii) C and (iv) overlay of (i), (ii) and (iii) and (B) spectra of the mass distribution

of PluS NPs.
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—-OH, O~, and Si and further showed —OH both in the positive and negative mode. In figure 7(A), the side
bar gives the concentration of the ions. figure 7(A)(i) shows a high concentration of Si from the silica
core, figure 7(A)(ii) shows an even higher content of OH™ and O~ from Pluronic F127 which contains
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) units as described above. Figure 7(A)
(iii) shows the content from Pluronic F127.

3.2.5. BET

BET was performed to determine the pore size and surface area of the PluS NPs before and after link-
ing to porphyrin. The pore size of the PluS NPs was determined to be 18.9 nm and the surface area
was 330 m? g~'. The isotherm describes the partitioning between gas phase and adsorbed species as
a function of applied pressure. The isotherm of the nanoparticles was shown to be type 4 which also
indicates the mesoporous nature of the nanoparticles (figure 8(A)). Type 4 BET isotherm indicates an
indefinite multilayer formation after completion of the monolayer and is found in adsorbents with a
wide distribution of pore sizes. The BET isotherm of ZnP-PluS NPs conjugate, figure 8(B), was used as an
example as similar trends were observed for the other conjugates. Figure 8(B) shows that the isotherm
for the ZnP-PluS NPs conjugate is type 1 which depicts monolayer adsorption. This suggests that the
porphyrins prevent multilayer formation, hence type IV4 isotherm observed for PluS NPs alone is not
observed for the conjugate. The pore size decreased from 18.9 nm for PluS NPs to 2.4 nm for ZnP-PluS
NPs conjugate. The surface area for the conjugate is 192.5 m? g~', a decrease from 330 m? g~ for PluS
NPs alone. Therefore, both pore size and surface area decreased for PluS NPs on conjugation to por-
phyrins. It has been documented that a rough surface results in larger surface area than a smooth one
[271. Thus, the observed decrease in surface area in the presence of the porphyrin suggests decreased
roughness. The decrease in pore size in the presence of porphyrins may suggest that the porphyrins
might have been entrapped in the pore of the PluS NPs, causing a reduction in the pore size.
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Figure 8. Nitrogen adsorption-desorption isotherm of (A) PluS NPs and (B) PluS linked to ZnP. The red line denotes the absorption
while the black lines are desorption of the sample.
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3.2.6. FTIR

The conjugation of the porphyrins to the PluS NPs using an ester bond was confirmed using FT-IR
spectra. The ester bond can be observed at 1651 cm™! figure 9 for ZnP-PluS NPs conjugate, confirming
conjugation via an ester bond. Aliphatic C-H vibrations can be seen at 2929 cm~', while OH vibration
is at 3473 cm~". The FT-IR of PluS NPs shows Si-O-Si peak at 1054 cm~', Si-O peak at 795 cm~', and the
OH peak at 3340 cm™". The Si-O-Si peak and Si-O peak are within the range reported [28].

3.3. Photophysical studies

3.3.1. Fluorescence quantum yields (d)F)

Fluorescence quantum yields (®,) were calculated using established comparative methods [29] and
using ZnTPP as a standard ((I)?td = 0.033[30]). Low O, values of 0.09 to 0.15 were obtained for porphyrins
alone. Even lower O values were obtained for GaP and ZnP (containing heavy central metals) due to
the internal heavy atom effect which enhances intersystem crossing to the triplet state [31]. Generally,
metalloporphyrins have low @, as observed in this work and reported in literature [31]. There is a slight
increase in fluorescence quantum yields of the porphyrin in the presence of PluS NPs, table 1. It has
been reported [7] that embedding porphyrins in Pluronic NPs lead to the recovery of the fluorescence
of the former. Thus, the increase in the fluorescence quantum yields of the porphyrin could be due to
their protection by the PluS NPs.

3.3.2. Singlet oxygen quantum yield (,)

As stated previously, singlet oxygen is the chief cytotoxic species responsible for cell death in PDT,
hence its quantification is important. The time-resolved phosphorescence decay curve of singlet oxygen
(figure 10) at 1270 nm was used to determine singlet oxygen quantum yield of GaP, SiP, and ZnP and
their conjugates with PluS NPs in DMF using equation (3) [32]:
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Figure 9. FTIR spectra of ZnP-PluS NPs conjugate (as an example), PluS NPs and ZnP alone.
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Figure 10. Singlet oxygen phosphorescence decay curve for ZnP-PluS NPs. Solvent = DMF.

T,
I(t) = B D e*l’/‘rT _ eft/TD
() e~ TD[ ] 3)
where (t) is the phosphorescence intensity of 'O, at time t, 7 is the lifetime of 'O, phosphorescence
decay, 7, is the triplet state lifetime of the standard or sample, B is a coefficient involved in sensitizer
concentration, and '0, is the quantum yield. The singlet oxygen quantum yield, ®, of the complex was
then determined in DMF, using equation (4):

B. ASH
B . A
where CID"Z“‘ is the singlet oxygen quantum yield for the standard Zn tetraphenyl porphyrin (ZnTPP)
@3 = 0.53 in DMF [33], B and B! refer to coefficient involved in sensitizer concentration, and '0, is
the quantum yield for the sample and standard, respectively; A and A% refer to the absorbance of the
sample and standard, respectively, at the excitation wavelength. The ®, was calculated to be 0.41 for
ZnP and 0.33 for ZnP-PluS NPs conjugate, table 1. There was also a decrease in Q, values for GaP-PluS
and SiP-PluS NPs conjugates compared to corresponding porphyrins alone. Such a decrease in O,
values could be explained by silica nanoparticles being singlet oxygen quenchers [34]. It has also been
reported that inclusion of photosensizers in nanocarriers results in less production of reactive oxygen
species due to self-quenching of the excited states [35].

d
o, =

(4)

3.4. MCF-7 breast cancer cell studies

The stock concentrations of all complexes were prepared by dissolving them in DMSO and then making
the volume up with supplemented media. We have reported before that 0.8% (v/v) DMSO had negligible
effect on the cells [36], and this was also observed in this work.

3.4.1. Invitro dark cytotoxicity assay
The in vitro cytotoxicity of the porphyrins, PluS NPs, and their conjugates was evaluated against human
breast cancer (MCF7) using WST-1 assay. PluS NPs alone are not toxic (figure 11(A)) and the p > 0.05
indicated that there is no significant difference within the concentrations.

The cytotoxicity of the porphyrin and the conjugates was low without light (dark toxicity), (figure
11(B)) (ZnP and its conjugate were used as examples) with all showing the cell viability above 80%.
High percentage cell viability represents low dark toxicity.
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Figure 11. (A) dark toxicity plot of PluS NPs; (B) PDT activity of P alone; (C) comparison of PDT activities of the P and their conjugates
at 0.06 mg mL~"; (D) Distribution of the porphyrins —PluS NPs conjugates at 0.06 mg mL™". Statistically, there is significant difference
between phototoxicity effects of ZnP and other porphyrin complexes as p < 0.05. Irradiation for 5 min for PDT activity and vehicle
control was carried out.
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3.4.2. PDT activities
The phototoxicity of porphyrin molecules increased upon irradiation and increased with increase in
concentration, figure 11(B). ZnP (figure 11(B)) at 4.2 x 107> mg mL~" showed 83 + 4% cell viability but
at 0.06 mg mL™" there was a decrease to 27 + 3%. ZnP has the highest PDT effect followed by SiP and
then GaP, figure 11(B). ZnP gave the largest singlet oxygen quantum yield of all the porphyrins (GaP
and SiP), hence the increased PDT activity. As stated in the introduction, singlet oxygen is the cytotoxic
species for PDT, hence the larger the singlet oxygen the better the PDT activity. It was observed that the
percent cell viability decreased more for the conjugates of porphyrins with PluS NPs when compared
to the porphyrins alone (compare figure 11(B) and 11(C)). The increase in PDT activity of the porphy-
rins in the presence of PluS NPs may be due the latter acting as the delivering agents and increasing
solubility of the compounds. The highest PDT effect was achieved for ZnP-PluS NPs conjugate due to
larger singlet oxygen quantum yields. ZnP conjugate at 0.06 mg mL~" showed 20 + 2% cell viability,
followed by GaP conjugate at 33 + 3%, and SiP conjugate at 38 + 4% cell viability. The p > 0.05 indicated
that ZnP is significantly different compared to the other porphyrins.

Figure 11(D) shows a box plot of ZnP, GaP, and SiP conjugates at 0.06 mg mL™"; it is evident that pho-
totoxicity is highest when ZnP is applied as evidenced by the higher distribution of the mean reflecting
an over 70 percentile efficiency in PDT in comparison to GaP and SiP conjugates.

4. Conclusion

ClGa, Cl,Si,and Zn 5, 10, 15, triphenyl-20-p-formylphenoxy acetic acid porphyrin were synthesized and
conjugated to pluronic-silica nanoparticles (PluS NPs). Upon conjugation to PluS NPs, it was observed
that the fluorescence quantum yield of the porphyrin complexes increased but singlet oxygen quan-
tum yields decreased. These compounds and their conjugates were further tested for PDT activity on
MCF-7 breast cancer cells. The PluS NPs improved the PDT activity of the porphyrins. The best activity
was obtained for ZnP when alone or linked to PluS NPs.
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