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ARTICLE INFO ABSTRACT

Keywords: Neuroblastoma is the most common extracranial solid tumor of childhood. Advancements in treatments have
PDT improved survival rates of children suffering from this ailment. Novel therapeutic techniques may further reduce

POfPthinS ) cancer related mortality. One of several emerging therapeutic options is Photodynamic Therapy (PDT) that uses
Escurb‘t[f]u”l light activated photosensitizer (PS) inducing cell death by apoptosis and/or necrosis. Nanotechnology has
ototoxicity

contributed to improving photosensitizers for PDT, increasing the efficiency of therapy using porphyrins and
their derivatives. Efforts have been made to develop better mechanism to improve PS and consequently PDT
effect. In this study, we investigated the efficacy of the PDT using porphyrins (TPOR) and TPOR/(CB[7]1)4
(TPOR: CB[7] = 1: 4). Here we report the PDT effect of TPOR and TPOR/(CB[7])4 in the treatment of the human
neuroblastoma cell line (SH-SY5Y). The TPOR and TPOR/(CB[7]), didn’t show more significant dark-cyto-
toxicity and TPOR/(CB[7])4 had a stronger photodynamic effects than TPOR through generating reactive oxygen
species (ROS) under irradiation with a 525nm laser. The high photodynamic efficiency of TPOR/(CB[7]1)4

Photodynamic therapy

suggests that it has the potential to be a PDT agent.

1. Introduction

Neuroblastoma is the most common extracranial solid tumor of
childhood and it is responsible for 15% of pediatric cancer deaths in the
United States [1]. A patient with newly diagnosed neuroblastoma can
be treated with a wide range of therapies including observation only,
surgery, chemotherapy, radiation, immunotherapy, differentiation
therapy and autologous stem cell transplant [2]. PDT as a therapy for
cancer has attracted much attention, as it has high selectivity and low
toxicity, offering noninvasive clinical effectiveness and intrinsic fluor-
escence imaging [3-5].

PDT has three elements : photosensitizer (PS), light and oxygen
[6,7].The main process of PDT is to inject a photosensitizer into the
patient. After the photosensitizer accumulates in the tumor tissues, it is
exposed to specific wavelength of light to produce highly ROS, parti-
cularly singlet oxygen ('O,), to destroy tumor tissues [8,9].Un-
doubtedly, photosensitizer is a key component in PDT. The most com-
monly used PSs in clinic are porphyrins and their derivates, which have
some drawbacks, such as easily forming aggregates, which lead the
lower efficiency of '0, and lowering the efficiency for phototherapy
[10]. Recently, nanoparticles have used to deliver PS to tumors, owing
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to the enhanced permeability and retention (EPR) effect [11,12].

Cucurbit[n]urils (commonly abbreviated as Q[n]s or CB[n]s) are a
family of molecular container hosts bearing a rigid hydrophobic cavity
and two identical carbonyl fringed portals [13].They have attracted
much attention in supramolecular chemistry because of their superior
molecular recognition properties in aqueous media. In particular, a
recent study on the host-guest interactions of Q[n]s with cationic PS
molecules has indicated that Q[n]s can significantly change the PDT
efficiency of PS guests upon complexation [14].Zhang et al. have found
that the Q[n]s plays a key role in inhibiting the aggregation of PS dyes
in aqueous solution, and the resulting supramolecular interactions re-
sult in a significant antibacterial effect [15]. Mari’a Gonzalez-Bejar
et al. have demonstrated that CB[7] could enhance the lifetime of the
triplet excited state of PS [16].YongChao Zheng et al. have reported
that CB[7] interacted with a carbazole vinylpyridinium derivative
could improve the two-photon absorption and had good biocompat-
ibility based on the host-guest inclusion interaction [17].

For the construction of the desired supramolecular photosensitizers,
porphyrins are modified with four positive charges (TPOR) and CB[7]
was added to the aqueous solutions of TPOR in different molar ratio. In
an effort to improve PDT effects, this work describes the
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characterizations of TPOR and TPOR/(CB[7]); by fluorescence
Spectroscopy and TEM. Confocal Fluorescence Microscopy was used to
determine the cellular uptake of TPOR and TPOR/(CB[7])4 in the SH-
SYSY cells. in vitro assays in SH-SY5Y cells showed the photodynamic
efficacy of TPOR/(CB[7])4 and TPOR, as determined by the MTT
method and flow cytometry.

2. Materials and methods
2.1. Materials

TPOR and CB[7] were synthesized by our group, dimethyl sulfoxide
(DMSO) and 1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT)
were purchased from Solarbio, Reactive Oxygen Species Assay Kit was
bought from Sigma. Singlet Oxygen Sensor Green was bought from
Invitrogen. Annexin V-FITC Apoptosis Detection Kit was bought from
BD.

2.2. Cell culture

Cell line SH-SY5Y (Human Neuroblastoma Cancer) was purchased
from ATCC. SH-SYS5Y cells were cultured in DMED /F12 (Hyclone)
medium supplemented with 10% FBS (fetal bovine serum, Gibco) and
1% penicillin/streptomycin (Hyclone). All cells were incubated at 37 °C
with 5% CO».

2.3. Instruments

All the absorption spectra were recorded on the UV-2600 UV-vis
Spectrophotometer (Shimadzu Corporation, Japan). Fluorescence
spectra were recorded on the Fluorescence Spectrometer (VRIAN Cary
eclipse, USA). Confocal Imaging was carried out with an OLYMPUS FV
1000 confocal laser-scanning microscope (Olympus Corporation,
Japan). Ultra-microporous spectrophotometer (Biotek Epoch 2, USA).
Photodynamic treatment was carried out with a laser diode (ADR-1805,
525 nm). Apotosis was analysed by Flow Cytometer (ACEA NovoCyte,
USA).

2.4. Synthesis of TPOR and CB[7]

TPOR and CB[7] were synthetized using the conventional method
described by Xin-Long Ni and Zhu Tao [13]. For the construction of the
desired photosensitizers, the porphyrins are modified with four positive
charges (TPOR) and added CB[7] to the aqueous solution of TPOR in
different molar ratio. PSs were characterized by fluorescence spectro-

scopy.

2.5. Singlet Oxygen(*02) detection

10, was measured by Singlet Oxygen Sensor Green (SOSG) reagent.
For 10, generation in solution : TPOR or TPOR/(CB[7])4 (10 uM) was
mixed with SOSG (5 uM) in water (pH 6.5). Fluorescence measurements
were made in a spectrofluorometer using excitation/emission of 488/
525 nm.

2.6. The cellular localization

Cells were seeded in confocal dishes (® 15 mm glass bottom) and
cultured overnight for attachment. Then, cells were incubated with
TPOR or TPOR/(CB[7])4 at concentration of 12.5 uM for 24 h. After
removing the medium, cells were washed three times with PBS, and
then incubated with DAPI (Solarbio, Beijing) for 30 min. Then, cells
were washed with PBS for five times and imaged with a confocal laser-
scanning microscope. The fluorescence of TPOR or TPOR/(CB[7])4 was
excited by a 546 nm laser, and the fluorescence of DAPI was excited by
488 nm laser.
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2.7. ROS detection

ROS was measured by a reactive Oxygen Assay Kit using 2’,7’-di-
chlorodihydrofluorescein diacetate (DCFH-DA) as the fluorescence
probe. For ROS measurements in cells : cells were seeded on 24-well
plates (10° cells/well) and cultured in 5% CO, atmosphere at 37 °C;
after cultured overnight, cells were incubated with TPOR or TPOR/(CB
[7D4 (12.5 uM); after cultured 24 h, cells were washed three times and
incubated with DCFH-DA (10 uM) for 30 min. After washing, cells were
irradiated with a 525nm laser and the fluorescence images well col-
lected with excitation at 488 nm and emission at 525 nm. Mean density
(IOD SUM)/(area sum), analysis by Image-Pro plus 6.0 Image
Software.

2.8. Cell apoptosis assay

SH-SY5Y cells were seeded in a 6-well plate at a density of 4 x 10°
cells per well and incubated with TPOR or TPOR/(CB[7])4 for 24 h.
After replacing the media with fresh media, the cells were irradiated
under laser (95.5 mW/cm?) for 1 min and then further incubated for
4 h. Then the cells were double-stained with 100 pl of buffer containing
FITC-labeled annexin V and PI for 15min at room temperature.
Measured with NovoCyte.

2.9. In vitro cytotoxicity assay

SH-SYS5Y cells were seeded in 96-well plates (4*10* cells/well) and
cultured overnight for attachment.

2.9.1. Dark-toxicity study

Then TPOR or TPOR/(CB[7])4 were added into cells at the con-
centration of 1, 2, 10, 12.5, 20 uM respectively for 24 h. The media
were replaced with fresh medium (without FBS and penicillin/strep-
tomycin) after the cells were washed three times with phosphate-buf-
fered saline (PBS). After further incubation for 24 h, the viability of cells
was measured with MTT assay.

2.9.2. Phototoxicity study

Cells were firstly incubated with TPOR or TPOR/(CB[7]),4 at the
concentration of 12.5 uM for 24 h. After replacing the media with fresh
media, the cells were irradiated under laser beam (95.5 mW/cm?) for
30, 60, 120, 180 s respectively. The cells were continually cultured for
additional 24 h, the viability of cells was measured with MTT assay.

2.10. MTT assay

The culture media of cells were replaced with 100 pL of fresh culture
media containing 10% MTT reagent, and further incubated for 4 h.The
absorbance at 490 nm of each well was collected with a plate reader.
Cell survival rates were determined according to equation : SR = (A-
Ap) / (As-Ag) X 100%, where A, A and A, are the absorbance of ex-
perimental group, control group without irradiation and blank group
without cells.

2.11. Statistical analysis

All experiments were performed at least 3 times. Analysis was
performed using GraphPad Prism 7. The one-way ANOVA test was used
to compare the differences between multi groups and p < 0.05 was
considered statistically significant.

3. Results and discussion
Analyses of the nanoparticles was performed by some techniques.

Isothermal titration calorimetry experiments indicated that the binding
constant (K,) of TPOR with CB[7] was approximately 3.15 x 10° M~!
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Fig. 1. (a)The fluorescence emission spectra of TPOR
(Crpor = 10.0 pM) upon addition of increasing
amounts (0, 0.5, 1.0, 1.5, 2.0, 2.5 3.0, 3.5, 4.0, 4.5, 5.0
equiv.) of CB[7], with an excitation of 425nm. (b)
Fluorescence intensity changes of SOSG in the pre-
sence of TPOR, TPOR/(CB[7])4 and after irradiation
with a 525 nm laser beam (95.5 mW/cm?) for various
time periods (Crpor = 10.0 uM, pH 6.5, saline solu-
tion, 0.3% H,0,).

90 120 150 180
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(Fig. S1). The fluorescence spectra of TPOR upon addition of increasing
amounts of CB[7] showed increased fluorescence with the fluorescence
emission from 600 nm to 800 nm until the CB[7] / TPOR ratio is 4:1 and
above (Fig. 1a), indicating the best ratio of CB[7] / TPOR is 4:1 and
which further confirmed by transmission electron microscopy and
atomic force microscopy (Fig. S2), thus suggesting that the aggregation
state of TPOR was suppressed by the four bulky CB[7] molecules via
noncovalent attachment to the single TPOR molecule. The porphyrins
easily form aggregates based on strong hydrophobic and n-m interac-
tions. However the aggregation state of TPOR was limited by the four
bulky CB[7] noncovalent substituents via host-guest interaction, thus
suppressing the quenching of their fluorescence. Interestingly, the ob-
vious increase of the fluorescence intensity (Fig. 1a) and the molar
extinction coefficient (Fig. S1) upon adding CB[7] into the TPOR aqu-
eous solution because of the increased distance between the adjacent
porphyrin chromophores leading to the suppressed self-quenching to
get high quantum yield (Fig. S3) and electron microscopy observation
indicated that the addition of CB[7] into solution changed the mor-
phology of the TPOR self-assemblies. TPOR self-assembles into solid
spherical-like aggregates("200 nm), as indicated by TEM (Fig. S2d).

Next, the ability of TPOR in the host-guest assemblies to generate
10,, which is a critical characteristic of a photosensitizer was de-
termined. As shown in Fig. 1b, Singlet Oxygen Sensor Green (SOSG), a
well-known selective 'O, fluorescent reporter, was used to determine
the relative amount of singlet oxygen. Samples of TPOR and TPOR/(CB
[71)4 were obtained from the same samples for fluorescence determi-
nation, and all the concentrations were fixed to the same amount of
TPOR guest (10.0 uM). After irradiation with a 525nm laser beam
(95.5 mW/cm?), the samples of TPOR/(CB[7])4 generated approxi-
mately 5 times more singlet oxygen than did the uncomplexed TPOR,
on the basis of changes in SOSG fluorescence. The host-guest interac-
tions of TPOR/(CB[7])4 clearly enhanced the efficiency of the por-
phyrin cationic based PS in generating 'O, by suppressing their ag-
gregation in aqueous solution. The TPOR/(CB[7])4 appeared to have a
higher 'O, generation ability than TPOR.

The activatable nature of the porphyrin cationic host-guest inter-
action may be suitable for imaging and PDT. To investigate these
properties, the ROS generation efficiency in the excited state of the PS
were further evaluated in cancer cells. Here, a cell membrane perme-
able organic dye, 2,7-dichlorofluorescein diacetate (DCFH-DA), was
used. As an indicator of ROS generation, DCFH itself is non-emissive but
is rapidly oxidized by ROS and becomes a highly fluorescent dye called
dichlorofluorescein (DCF) [18,19]. The fluorescence signals from the
green channel indicated the presence of DCF. As shown in Fig. 2, strong
green fluorescence of DCF was observed in entire cells in the case of the
TPOR/(CB[7])4, thus suggesting a strong ROS-generation ability of the
PSs under light irradiation. These results indicated that the host-guest
interaction-based supramolecular PSs efficiently generated ROS under
light excitation.

Motivated by the above results, we investigated the cellular locali-
zation and PDT efficacy of the TPOR/(CB[7])4 as a PS in living cancer

366

cells. As shown in Fig. 3a, The micrographs exhibited blue fluorescence
refering to the labeling of nuclear DNA by (4’,6-diamidino-2-pheny-
lindole) DAPI marker, while the red fluorescent dots which indicated
that the TPOR and TPOR/(CB[7])4 as PSs mainly localized in the cell
membranes, and the much brighter red emission was observed in the
group of TPOR/(CB[7])4. These results indicated that TPOR/(CB[7])4
efficiently entered the cells.

To determine the effects of PDT, the apoptosis of SH-SY5Y cells was
detected by the flow cytometry. SH-SY5Y cells were incubated with PS
and irradiated. Then the cells were stained by annexin V and PI after
further incubation for 4 h. The flow cytometry results (Fig. 3b) showed
that PS with out light had no significant apoptosis compared to the
control. But the PDT groups had early stage of apoptosis as shown in
lower right quadrants (Annexin V*and PI *), especially the TPOR/(CB
[71)4-PDT, which had more apoptosis. These results suggested that ROS
generated by photoactivated TPOR/(CB[7])4 caused cell apoptosis was
more efficiently.

To further demonstrate that TPOR/(CB[7])4 has remarkable anti-
tumor efficacies, we measured cell viability by MTT assay (Fig. 4). The
survival rates of the cells incubated with TPOR and TPOR/(CB[7])4 at a
series of concentrations up to 12.5 uM for 24 h in the dark, showed no
significant cell toxicity compared to control group (Fig. 4a). Upon ir-
radiation at 525nm and fluence 95.5mW/cm? for 0, 0.5, 1, 2 and
3 min, respectively, the blank group showed no significant photo-
toxicity and the cell viability treated with 12.5 uM TPOR/(CB[71)4
rapidly decreased to around 10% after only 1 min irradiation while the
group of TPOR treatment needed 3 min (Fig. 4b). Thus, the damage to
SH-SYS5Y cells was from the ROS produced by the PDT light excitation
process, which may be was mainly ascribed to the TPOR/(CB[7])4 as
the PS in the cell membranes.

Nevertheless, the effects of TPOR and TPOR/(CB[7])4 have not been
fully elucidated yet and the production of ROS still need to be more
explored.In summary, TPOR/(CB[7]); showed excellent biocompat-
ibility as well as greater cytotoxicity upon irradiation, suggesting that it
has a potential to be used as a PDT agent in Neuroblastoma.

4. Conclusion

In summary, to design a highly effective photosensitizer, Céceres J.
et al. previously reported the encapsulation of photosensitizers in-
cluding cationic porphyrin into CB[n]s (n = 7, 8) can modify their
photoactivity [20], but we propose using CB[7] to enhance photo-
sensitization in the cells have not been reported. In this work, the use of
CB[7] hosts efficiently inhibited the aggregation-induced self-
quenching of porphyrin cationic guests in aqueous medium. As a result,
highly enhanced photosensitization was achieved. We expect that the
present study will extend applications of the anticancer properties of
supramolecular photosensitizers in PDT systems.
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