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The folic acid conjugated hollow nanosphere is used to
encapsulate  protoporphyrin IX and utilized for
photodynamic therapy. This system represents 3.33 times
higher photodynamic efficiency than previous
protoporphyrin IX-based systems. The result proposes a new
opportunity for effective photodynamic therapy of folate
receptor positive tumor cells.

Photodynamic therapy (PDT) is of great interest as an alternative
to conventional chemotherapy for cancer treatment. One of the
major component of PDT is a photosensitizer (PS); a light-
sensitive dye that is stimulated by a specific wavelength of light
and generates singlet oxygen ('O,) and trigger cell death.'
Protoporphyrin IX (PpIX), used as the PS in this work, has a
relatively low dark toxicity and induces an efficient PDT.
Conventional PDT requires expensive laser equipment and leads
unexpected cell damage.> Laser could lead normal cell damage
and the related subject have been studied in many papers.” In this
research, a light-emitting diode (LED) is employed instead of a
laser as the light source for PDT and exhibits fewer side effects.
Due to insolubility of PpIX, delivering PpIX to tumor cell
effectively has been investigated to enhance the PDT.* We
selected porous hollow nanospheres (HNSs) (diameter: ca. 50
nm) for the PpIX delivery agent; 50 nm sized HNSs are favored
in cellular uptake.” An HNS has a large hydrophobic cavity
with a porous shell, which can contain more PpIX than
mesoporous nanoparticles with the same diameter.® In addition,
HNSs transmit visible light in the region of 400-800 nm;
hence, most of the visible light can penetrate into the shells,
excite the PpIX inside the HNSs, and generate 'O,. These 'O,
can diffuse out through the mesoporous shell of an HNS and
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efficiently destroy tumor cells. In this study, a folic acid (FA)-
conjugated HNS was fabricated as a PpIX delivery agent. We
investigated the PDT effect by in vitro studies of both human
breast cancer cell lines, i.e., MCF-7 (folate receptor positive;
FR+) and SK-BR-3 (folate receptor negative; FR-). FR is
overexpressed on MCF-7 human breast cancer cells and has a
high binding affinity with FA, which allows FA to act as a
targeting ligand for MCF-7 cells.” Several strategies were
combined to maximize the PDT effect: 1) FA was used as a
targeting ligand for active targeting, 2) ca. 50 nm HNSs were
synthesized for efficient passive targeting and loading of a large
amount of PpIX, 3) HNSs are transparent and do not absorb
visible light, and 4) an LED was used as the light source to
destroy cancer cells at a specific site, while minimizing
undesired normal cell damage.

The synthesis of FA-HNS-PpIX is indicated in Fig. la.
Previously, Choi et al. reported the synthesis of a HNS.® The
HNSs were made by adding the silica-titania core-shell
nanospheres (CSNSs) to aqueous ammonium hydroxide
(NH4OH), which dissolved the silica core and redeposited silica
on the surface of the titania shells.” The HNSs and PpIX were
then mixed in dimethyl sulfoxide (DMSO) and stirred for 24 h
to encapsulate the PpIX within the HNSs (HNS-PpIX). After
loading the PpIX, the surface of the HNSs was modified with
FA (FA-HNS-PpIX). Transmission electron microscopy

¢ Folic acid
coupling

Diameter (nm)

Fig. 1 a) Schematic illustration of the fabrication of FA-HNS-PpIX. TEM
images and size distribution histograms of b) HNS and c) FA-HNS.
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Fig. 2 a) Time dependent cumulative PplX release profile of FA-HNS-PpIX.
Inset: PpIX released from FA-HNS-PpIX in a 30 min. b) The change of
absorption intensity of ABDA with and without irradiated FA-HNS-PpIX in
different time scale (grey: with irradiation, white: without irradiation).

(TEM) images and size distribution data confirmed that the
HNSs had an average diameter of ca. 45 nm with a narrow size
distribution (Fig. 1b). After FA treatment, the diameter of the
HNSs increased by 5 nm, while the dispersity and uniformity in
size and shape were still remained (Fig. lc). The particle size
change is caused by the FA conjugation to the surface of the
HNS. Moreover, the FT-IR confirmed the synthesis steps (Fig.
S1 and Table S1, ESIt). HNS—PpIX had distinguishing peaks at
1076 ecm™, 1724 cm™!, and 2949 cm L.!° The characteristic
peaks of FA-HNS-PpIX at 698 cm™' and 1261 cm™
demonstrate the successful surface functionalization of FA."'

The large hollow cavities and the mesoporous shell of
HNSs provide an application as PpIX delivery agent (Fig. S4,
ESIt).° To investigate this possibility, the loading capacity was
evaluated by UV/vis spectroscopy. The loading capacity of the
HNSs (484 nM of PpIX are loaded into 1 mg of FA-HNS—PpIX)
is about 4.5 times higher loading capacity than that of previous
mesoporous nanoparticles.'””> This high loading efficiency
demonstrates the great advantages of FA-HNS-PpIX as a
hydrophobic photosensitizer loading and suitability for delivery
agents. After verifying the aptness of HNSs as a PpIX delivery
agent, the solvent dependent release profile of PpIX from FA-
HNS-PpIX behavior was studied. In DMSO (hydrophobic PpIX
loading environment), PpIX diffused out from the HNSs, while
they remained as aggregates inside the HNSs in PBS
(hydrophilic biologically similar condition). The FA-HNS—
PpIX released about 63.5, 69, and 100% of the PpIX after 15,
30, and 300 min in DMSO (Fig. 2a). However, the FA-HNS—
PpIX released very little PpIX in PBS. This result implies that
FA-HNS would deliver the PpIX effectively to the inner phase
of cancer cells without leakage.

To evaluate the PDT potential of FA-HNS-PpIX, an LED
was used as a light source for this study because of its safety
toward the cells. Furthermore, they penetrated into the HNSs
without loss and reacted with the PpIX located inside the HNSs
(Fig. S6, ESIT)."* The 'O, generation efficiency of PS is an
important factor in PDT. The 'O, generation was detected by
using 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA). Fig. S7a (ESIY) presents the decrease of absorbance
spectra of ABDA in HNS, PpIX, and FA-HNS-PpIX solutions.
The adsorption difference (AA) of the FA-HNS-PpIX solution
between irradiated and non-irradiated conditions is presented in
Fig. 2b. FA-HNS-PpIX exhibited 33.78 % increased 'O,
generation compared to that of equivalent concentration of
PpIX (Fig. S7b, ESIY). This result was occurred because of the
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Fig. 3 a) Schematic outline of the PDT of the FA-HNS-PpIX. b) TEM images of
particle-internalized MCF-7 cells and SK-BR-3 cells were incubated with FA-
HNS-PpIX (scale bars: 400 nm). c) Live fluorescence images of FA-HNS-PpIX
treated SK-BR-3 and MCF-7 cells (scale bars: 100 pm). Deadend™
fluorescence TdT-mediated dUTP Nick-End Labeling (TUNEL) system stained
cell: dead cell (bright green fluorescence), and Fluoroshield™ with 4',6-
Diamidino-2-phenylindole dihydrochloride (DAPI) stained cell: cell nucleus
(blue fluorescence). d) Cell viability of MCF-7 (open) and SK-BR-3 (solid) cells
with dose and irradiation time dependence (0 min: square, 5 min: circle, 10
min: triangle, and 15 min: inverted triangle symbols). Values exhibit mean +
SD and each experiment was performed in triplicate.

enhanced particle dispersion of FA-HNS-PpIX.'"> By using
ABDA, the effective 'O, generation from FA-HNS-PpIX is
assessed under irradiation, which verifies this system is suitable
for destructing cancer cell via PDT.

The targeting and PDT efficacy of FA-HNS-PpIX were
compared using two kinds of human breast cancer cell lines. FR+
MCF-7 cells were used as target cell, while FR- SK-BR-3 cells were
control cell. Fig. 3a illustrates the schematic progress of PDT for
targeting MCF-7 cells. A specific cell targeting ability is an
important factor in PDT system. In order to confirm the targeting
ability of FA-HNS-PpIX, the intracellular distribution of HNSs and
FA-HNS-PpIX were observed by TEM images (Fig. 3b and S8,
ESIt). The FA-HNS-PpIX was more internalized in MCF-7 than
SK-BR-3 cells because of the FA-mediated targeting. FA-HNS-
PpIX induced PDT was monitored by livecell microscopy to
investigate the cancer cell destruction. After the PDT, the dead cells
were stained with Deadend™ Fluorometric TUNEL system, which
exhibited green fluorescence. Fig. 3¢, S11, and S12 (ESI{) shows
that the dead cells are more observed in MCF-7 cells while no
noticeable cell death is detected in SK-BR-3 cells. To quantify the
selective photodynamic efficiency on both cell lines, the viability of
the FA-HNS-PpIX-treated cells was determined by cell viability
test. Fig. 3d indicates that the cell viability decreases with increasing
irradiation time and FA-HNS-PpIX concentration for MCF-7,
suggesting that the PDT can be effective under irradiation. For
MCEF-7 cells, the cell death value is up to 74.5%, which is about ca.
3.33 times higher efficiency than in previous reports.'* Moreover,
the PDT activity is more effective on MCF-7 cells than on SK-BR-3
cells because of the active targeting ability of FA. When stored in
the dark, the degree of cell death was <10%, meaning that FA—
HNS-PpIX has low dark toxicity. The control experiment
establishes that HNS, FA-HNS, and HNS-PpIX do not induce
significant cell death in both cell lines (Fig. S9, ESIt). This data
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Fig. 4 a) ROS production and b) Rh-123 intensity changes were measured by
MCF-7 and SK-BR-3 cells after incubated with different concentration of FA-
HNS-PpIX under irradiation (grey: MCF-7, and white: SK-BR-3). Values exhibit
mean = SD and each experiment was performed in triplicate. Live cell
fluorescent images of c) MCF-7 cells and d) SK-BR-3 cells. Cells were stained
with Rh-123 for visualizing the mitochondrial membrane potential of cells
(Scale bars: 30 um). Mitochondrial dysfunction was observed by MCF-7 cells
and SK-BR-3 cells after incubation with 60 pg mL™ of FA-HNS-PpIX and 15min
of irradiation.

suggestes that the targeting ability of the FA-HNS-PpIX to FR +
MCEF-7 cells provides effective tumor destruction under irradiation.

The correlation between the PDT and the cell death was
confirmed by monitoring intercellular reactive oxygen species
(ROS) generation. The cell damage could be investigated by
H,DCFDA, a intercellular ROS detection dye. Therefore, the
FA-HNS-PpIX caused cell damage could be quantified by this
ROS generation. In MCF-7 cells, the ROS generation level was
increased proportionally with FA-HNS-PpIX concentration and
irradiation time (Fig. 4a). In comparison, insignificant ROS
production was determined in FR- SK-BR-3 cells. The ROS
generation results indicate that FA-HNS-PpIX can lead the cell
damages. After investigate the intercellular damage, the
mitochondrial function is further detected by monitoring
changes in the intensity of Rhodamine-123 (Rh-123)
fluorescence, which is a detector of membrane polarization
within mitochondria. In general, PDT induced cell damage is
mainly caused by the mitochondrial dysfunction. In this regard,
the mitochondrial dysfunction can be an indicator of the PDT
induced cell death. The mitochondrial function was investigated
by Time-lapsed livecell fluorescence imaging. The significant
fluorescence change in MCF-7 cells showed the mitochondrial
membrane potential depolarization. The Rh-123 intensity
increased proportionally with irradiation time and FA-HNS—
PpIX concentration in MCF-7 cells (Fig. 4b, ¢ and d). In SK-
BR-3 cells, there is no obvious difference between negative and
FA-HNS—PpIX-treated cells, meaning that SK-BR-3 is
remained as healthy cells. Judging from these data, the 'O,
caused this mitochondrial membrane potential depolarization
and eventually led cell death.!® Collectively, under irradiation,
PDT induced mitochondrial damage, and cell death. Our FA-
HNS-PpIX system has specific cell targeting ability for FR +
MCF-7 cells. Moreover, this system efficiently destructed
MCEF-7 cells and suitable for PDT without any harm to FR-
normal cells.

In summary, monodisperse HNSs were loaded with
photosensitizer PpIX, and the surface was functionalized with
FA. LED light was used as a PDT light source to minimize
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photodamage to normal cells. We systematically investigated
the effect of FA-HNS—PpIX on the cells for investigating PDT
efficacy, particle uptake, and cell damage. Under the same
experimental conditions, low cell death was shown in SK-BR-3
cells, while high cell death was observed in MCF-7 cells
because of active targeting of FA. FA-HNS-PpIX was ca. 3.33
times more efficient than previous examples for the same cell
death level. Moreover, FA-HNS-PpIX exhibited low dark
toxicity, efficient PpIX delivery with selectivity. Therefore, the
FA-HNS-PpIX system offers a practical new direction for PDT.
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