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ABSTRACT: Hydrophobic photosensitizer zinc(II) phthalocyanine (ZnPc)
was loaded into adamantane (Ad) modified nanochannels of mesoporous
silica nanoparticles (MSNPs). The Ad units on the surface of MSNPs were
complexed with amino-substituted β-cyclodextrin to enhance the solubility
of the hybrid in aqueous solution. The amino groups on β-cyclodextrin also
provide functional sites for further conjugation with targeting ligands
toward targeted cancer therapy. Since the intercalation of the Ad spacer
isolates loaded ZnPc and prevents its aggregation inside MSNPs, ZnPc
exhibits its monomeric characteristics to effectively generate cytotoxic
singlet oxygen (1O2) upon light irradiation (675 nm) in aqueous
conditions, leading to efficient photodynamic activity for successful cancer
treatment in vitro. Current research presents a convenient approach to
maintain the monomeric state of hydrophobic photosensitizer ZnPc by rationally utilizing multifunctional MSNPs as the carriers. The
novel hybrid with targeting capability achieves active photodynamic property of monomeric ZnPc in aqueous solution under light
irradiation, which may find its way for practical photodynamic therapy in the future.

KEYWORDS: cancer cell death, mesoporous silica nanoparticles, photodynamic therapy, singlet oxygen, targeted therapy,
zinc(II) phthalocyanine

1. INTRODUCTION

Photodynamic therapy (PDT) is a relatively inexpensive and
noninvasive method for cancer treatment.1−6 It has been proved
to be an ideal approach for the treatment of skin cancer7 and also
found effective for the treatment of early lung cancer,8 bladder
cancer,9 as well as head and neck cancers.10 In PDT-based
treatments, tumor cells are destroyed by irradiating light on
photosensitizers to induce the production of reactive oxygen
species, primarily cytotoxic singlet oxygen (1O2), in a localized
area. Thus, an ideal photosensitizer should possess high
absorption coefficient, high quantum yield of the triplet state,
and low dark cytotoxicity in physiological conditions. Low
solubility of most photosensitizers in aqueous solution, however,
limits their biological applications. Although the carriers such as
polymers,11 liposomes,12,13 and metal nanoparticles14−17 have
been developed to enhance the solubility and targeted therapy of
photosensitizers, the quest for a versatile and safe nanocarrier is
still challenging.
Mesoporous silica nanoparticles (MSNPs) have attracted a

great deal of interest for their uses as the drug delivery platforms
on account of their versatility and low cytotoxic features within a
normal dosage range employed in biological systems.18,19

Moreover, the US food and drug administration (FDA)
considers silica nanoparticles to be in the “generally recognized

safe” category.20 As promising drug carriers, MSNPs with
remarkable advantages, such as large surface area, uniform
mesopores, and easy chemical functionalization, open up
new pathways for multiple applications. Hence, significant
research effort has centered on constructing multifunctional
MSNPs21−23 and their hybrids towards cancer biolabeling24−27

and therapeutics.28−31 In general, the internalization of photo-
sensitizer-loaded nanoparticles demands the optimization of few
parameters including the maximum cell targeting, the maximum
photosensitizer loading without aggregation, the maximum
photodynamic toxicity, and the minimum dark cytotoxicity.
Among these parameters, the tumor targeting can be achieved
either by passive targeting owing to the enhanced permeability
and retention (EPR) observed in tumor sites32,33 or by
introducing targeting ligands onto the nanoparticle carriers to
hunt down specific tumor cells.
In our present study, we selected zinc(II) phthalocyanine

(ZnPc), a second-generation photosensitizer, for the inves-
tigations. ZnPc normally suffers severe aggregation, thereby
losing its singlet oxygen (1O2) generation efficiency in aqueous
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environments. The easy aggregation significantly limits its
application potential in physiological environments. Thus,
intensive work has been carried out forward, developing
alternative strategies to effectively use ZnPc for PDT.34,35 For
example, a recent paper reported the development of gold
nanoparticle/ZnPc conjugates for addressing the issue.36

Herein, we describe a hitherto unreported method for
controlling the self-assembly of ZnPc inside nanochannels of
MSNPs (Scheme 1). We anticipated that hydrophobic spacers,
such as adamantane (Ad), functionalized inside the mesopores of
MSNPs could intervene between ZnPc molecules, instantly
preventing loaded ZnPc from the aggregation. On account of the
space confinement of Ad-functionalized nanochannels, the
loaded ZnPc could be completely separated, presenting its
monomeric state inside MSNPs. Such strategy led to highly
efficient 1O2 generation from ZnPc-loaded MSNPs inside a
biological environment upon light irradiation (675 nm) with a
low light power output. Concurrently, the modified Ad units on
the surface of MSNPs complexed with amino-substituted
β-cyclodextrin (CD-2NH2) could enhance the dispersibility of
the hybrid in aqueous conditions, facilitating the nanoparticle
hybrid to be endocytosed by cancer cells for improving
PDT-based cancer therapy efficiency. Moreover, the conjugation
of a cancer-targeting ligand, folic acid (FA), with the amino
groups of CD-2NH2 on the nanoparticle surface provides the
feasibility of targeted cancer therapy based on the PDT process.

2. EXPERIMENTAL SECTION
Materials. Adamantane-1-carboxylic acid, 3-aminopropyltriethoxy-

silane (APTES), annexin V and propidium iodide apoptosis/cell death
assay kits, cetyltrimethylammonoium bromide (CTAB, 90%), dicyclo-
hexylcarbodiimide (DCC), dimethylformamide (DMF, 99%), dimethyl
sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), Dulbecco’s modified eagle’s medium
(DMEM), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), fetal
bovine serum (FBS), fluorescein isothiocyanate (FITC), hydrochloride

(HCl, assay 37%), N-hydroxylsuccinimide (NHS), phosphate-buffered
saline (PBS, pH 7.2), buffer, and tetraethylorthosilicate (TEOS, 99%) were
purchased commercially.

Instruments. Field emission scanning electron microscopy
(FE-SEM) and transmission electron microscopy (TEM) images were
captured by FESEM 6340 at 5 kV and JEOL 2010 TEM at 200 kV,
respectively. An X-ray diffraction pattern was collected by Shimadzu
Powder XRD from 2θ = 1.6 to 8. Zeta potential value and hydrodynamic
size were measured by Mavern Nanosizer, and each sample was
measured three times for statistical analysis. Surface area and pore size
distribution of the nanoparticles were characterized by ASAP-2020
Micromeritics. Fourier-transformed infrared (FT-IR) spectra were
measured through a Fourier-transformed infrared spectrometer. UV−
vis absorption was measured by an UV−vis 2501 spectrometer.
Fluorescence emission spectra were collected by an RF 5301
spectrofluorimeter. Thermogravimetric analysis (TGA) was carried
out by a Q500 thermogravimetric analyzer. A microplate reader (infinite
200 PRO, Tecan) was used for the MTT assay. Fluorescence images
were taken by a confocal fluorescence microscope (Nikon, Eclipse
TE2000-E, 60 × oil objective). Flow cytometry data were collected by a
BD FACS Calibur Flow Cytometer.

MSNPs, MSNP-NH2, and MSNP(FITC)-NH2. MSNPs were
prepared according to a previous report with some modifications.37 In
a typical synthesis, CTAB (500 mg) was dissolved in distilled H2O
(250 mL). NaOH aqueous solution (1.75 mL, 2 M) was added into the
above solution. The mixture solution was heated to 80 °C under
vigorous stirring. When the temperature was stabilized, TEOS (2.5 mL)
was slowly added into the mixture solution. For bare MSNPs, the mixed
solution was kept stirring for 2 h to form white precipitates.

Amino group functionalized silica nanoparticles (MSNP-NH2) were
prepared by a co-condensation method in basic solution to obtain a
uniform distribution of the functional groups both inside the mesopores
and on the nanoparticle surface.25 Specifically, after addition of TEOS in
the previous step for 15 min, APTES (0.5 mL) was added dropwise. The
mixture solution was stirred at 80 °C for another 2 h. Then, the formed
nanoparticles were collected by centrifugation at 8000 rpm for 10 min
and washed with MeOH and distilled H2O. Surfactant was removed by
suspending the obtained nanoparticles in MeOH (150 mL) contain-
ing condensed HCl (9 mL, 37%) and then refluxing at 80 °C for 24 h.

Scheme 1. Schematic Illustration for the Preparation of ZnPc-Loaded MSNP-Ad and Its Complex with CD-2NH2 (MSNP-Ad
+ZnPc+CD-2NH2) for Photodynamic Singlet Oxygen Generationa

aEnlarged area represents a nanochannel modified with the Ad spacer that prevents ZnPc from the aggregation.
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The obtained nanoparticles were collected by centrifugation and washed
thoroughly withMeOH and distilled H2O. The nanoparticles were dried
in vacuo at 50 °C for 24 h.
As for FITC-labeled nanoparticles (MSNP(FITC)-NH2),

38 FITC
(1.3 mg) was dissolved in absolute ethanol (1.5 mL) containing APTES
(3μL), and the mixture solution was gently stirred for 2 h in the dark
before adding into the CTAB-TEOS solution as described above.
Solid SiO2−NH2.The solid SiO2 nanoparticles were first prepared by

using the modified Stöber method.39 Typically, EtOH (71.4 mL),
distilled water (10 mL), and ammonium aqueous solution (25−28%,
2 mL) were mixed under stirring. After the mixture solution was heated
to 30 °C, TEOS (2.5 mL) was added to the mixture solution. The
reaction mixture was stirred at 30 °C for 6 h. The formed solid silica
nanoparticles were collected by centrifugation and washed with distilled
H2O and EtOH thoroughly. Then, solid SiO2 nanoparticles (100 mg)
were suspended in absolute EtOH containing APTES (20 μL), and the
mixture was stirred for 48 h to afford amino group functionalized solid
silica nanoparticles (solid SiO2−NH2). The formed nanoparticles were
collected by centrifugation and washed extensively by EtOH.
MSNP-Ad, MSNP(FITC)-Ad, and Solid SiO2-Ad. Adamantane-1-

carboxylic acid (225 mg) was dissolved in DMF (10 mL) containing
DCC (645 mg) and NHS (360 mg). After the mixture solution was
stirred for 2 h, a DMF (5 mL) solution containing fully suspended
MSNP-NH2, MSNP(FITC)-NH2, or solid SiO2−NH2 (100 mg) was
added. After reacting for 24 h, MSNP-Ad, MSNP(FITC)-Ad, or solid
SiO2-Ad nanoparticles were collected by centrifugation and washed with
DMF, MeOH, and distilled H2O extensively.
CD-2NH2. Ethylenediamine-modified β-cyclodextrin derivative

(CD-2NH2) was prepared according to a previous report.37 Seven
ethylenediamine groups were covalently linked at the primary side of the
β-cyclodextrin ring.
MSNP-Ad+ZnPc+CD-2NH2 and MSNP(FITC)-Ad+ZnPc+CD-

2NH2. MSNP-Ad (1 mg) was suspended in DMF solution (1 mL)
containing ZnPc (0.1 mg mL−1). After stirring for 24 h, ZnPc-loaded
MSNP-Ad, denoted as MSNP-Ad+ZnPc, was collected by centrifuga-
tion at 13 000 rpm for 3 min. After washing with PBS, CD-2NH2

(1 mg mL−1) was added into the nanoparticle suspension. The reaction
mixture was stirred for 12 h to complete the complex formation, which
was then centrifuged at 8000 rpm followed by washing with PBS to
obtain ZnPc-loaded and CD-2NH2-capped MSNP-Ad, noted as
MSNP-Ad+ZnPc+CD-2NH2. FITC-labeled nanoparticles, i.e.,
MSNP(FITC)-Ad+ZnPc+CD-2NH2, were also prepared using MSNP-
(FITC)-Ad under a similar method.
MSNP-Ad+ZnPc+CD-FA and MSNP(FITC)-Ad+ZnPc+CD-FA.

FA was conjugated through amide bond formation between the
carboxylic acid group on FA and the amino group on CD-2NH2. First,
activated FAwas prepared. FA (200mg) wasmixed with DCC (120mg)
and NHS (120 mg) in DMSO (10 mL). After stirring for 24 h, the
mixture solution was centrifuged, and the supernatant containing
activated FA was collected and stored at 4 °C for future use. Then,
MSNP-Ad+ZnPc+CD-2NH2 (1 mg) was suspended in PBS (1 mL,
pH 7.2). An aqueous solution (1 mL) containing activated FA (50 μg)
was added into the suspension. Themixture solution was stirred for 24 h.
The formed MSNP-Ad+ZnPc+CD-FA was collected by centrifugation
and washed with PBS three times. FITC-labeled nanoparticles, i.e.,
MSNP(FITC)-Ad+ZnPc+CD-FA, were also prepared using
MSNP(FITC)-Ad+ZnPc+CD-2NH2 under a similar method.
Determination of ZnPc Loading Capacity. MSNPs, MSNP-Ad,

or solid SiO2-Ad (1 mg) was suspended in DMF solution (1 mL)
containing ZnPc (0.1 mg mL−1). After stirring for 24 h, ZnPc-loaded
nanoparticles were collected by centrifugation at 13 000 rpm for 3 min.
After washing with PBS twice, the nanoparticles were suspended in
DMF, and the loaded ZnPc was extracted by thorough sonication for
30 min. Then, the suspension was centrifuged at 13 000 rpm for 3 min, and
the supernatant was collected. The extraction process was performed
repeatedly until a white pellet was obtained after the centrifugation. The
ZnPc amount in all the collected supernatants was quantified by theUV−vis
absorption intensity at 675 nm.

Cell Culture. HeLa cells were cultured in DMEM containing 10%
FBS and nonessential amino acids (0.1 mM). The culture was
maintained at 37 °C in a humidified atmosphere containing 5% CO2.

MTT Cytotoxicity Assay. A photodynamic cytotoxicity effect was
evaluated by the MTT assay. HeLa cells or HEK293 cells were seeded
into a 96-well plate at a density of 1× 104 cells/well in complete DMEM
medium and grown for 24 h. Then, MSNP-Ad+ZnPc+CD-2NH2 or
MSNP-Ad+ZnPc+CD-FA was added into each well at different
concentrations. After exposure to the nanoparticles for 24 h, the medium
in each well was removed, and the cells were washed by PBS twice to remove
free nanoparticles in themedium. Fresh completeDMEMmedium(100μL)
was added into each well. After 4 h incubation, the cells were exposed to
675 nm light for a certain period of time followed by further incubation for
24 h. The MTT assay was then conducted by replacing the medium in each
well with a new medium containing MTT (100 μL, 0.5 mg mL−1). After
incubation for 4 h, the medium was removed, and DMSO (100 μL) was
added into eachwell. The platewas gently shaken for 15min, and absorbance
intensity at 565 nm was recorded using a microplate reader. The relative cell
viability related to control wells that were only treated with medium was
calculated by [A]test/[A]control, where [A]test and [A]control are the average
absorbance of the test and control samples, respectively.

Fluorescence Microscopy Images. HeLa cells were seeded in
35 mm plastic-bot-tomed μ-dishes and grown in complete DMEM
medium for 24 h. Then, HeLa cells were treated with MSNP(FITC)-Ad
+ZnPc+CD-2NH2 (20 μg mL−1). After 24 h incubation, the medium
was removed, and the cells were washed three times with PBS buffer
(pH 7.2) and fixed with 4.0% formaldehyde at room temperature for
15 min. After removing 4.0% formaldehyde, the cells were washed with
PBS buffer (pH 7.2) three times before capturing the fluorescence
images using a fluorescence microscope. For apoptosis and cell death
assay, after HeLa cells were treated with MSNP-Ad+ZnPc+CD-2NH2
(20 μg mL−1) for 24 h, the medium was removed, and the cells were
washed by PBS buffer thrice. Then, a new medium was added into the
cells. After 4 h incubation, the cells were exposed to 675 nm light
irradiation (2.5 mWcm−2) for 20min. After another 24 h incubation, the
cells were washed by PBS and then stained by the apoptosis kit (both
annexin V and propidium iodide) according to the instruction of the kit.
The cell nucleus was stained by 4′,6-diamidino-2-phenylindole (DAPI).
Finally, the cells were observed under fluorescence microscopy.

Bio-TEM Analysis. After HeLa cells were treated with MSNP-Ad
+ZnPc+CD-2NH2 (20 μg mL−1) for 24 h, the medium was removed,
and the cells were washed repeatedly. Then, a newmediumwas added to
the cells. After 4 h incubation, the cells were exposed to 675 nm light
irradiation (2.5mWcm−2) for 20min. After another 12 h or 24 h incubation,
the cells were washed again with PBS followed by fixing with 2.5% glutaral-
dehyde at 4 °C overnight. Hereafter, cells were washed with 0.1% phosphate
buffer and post-fixed with 1% osmium tetroxide at room temperature for 1 h.
Fixed cell pellets were further washed, and dehydration was performed in
increasing grades of ethanol (25%−100%) and pure acetone. Infiltration in
SPI-Pon-Araldite (SPI, USA) resin was carried out at room temperature
overnight followed by pure resin embedding at 60 °C for 72 h. The obtained
blocks were sectioned by an ultramicrotome, and ultrathin sections were
stained with lead citrate. The grids were observed by TEM.

Flow Cytometry Experiments. HeLa cells or HEK293 cells were
seeded in 6-well plates and grown in complete DMEMmedium for 24 h.
The cells were treated with MSNP(FITC)-Ad+ZnPc (20 μg mL−1),
MSNP(FITC)-Ad+ZnPc+CD-2NH2 (20 μg mL−1), and MSNP(FITC)-
Ad+ZnPc+CD-FA (20 μg mL−1), respectively. After 24 h incubation, the
cells were washed by PBS three times and harvested by trypsin treatment.
Then, the cells were centrifuged and washed by PBS twice before
conducting flow cytometry detection.

For the apoptosis and cell death assay, after HeLa cells were treated
with MSNP-Ad+ZnPc+CD-2NH2 (20 μg mL

−1) for 24 h, the medium
was removed, and the cells were washed thrice by PBS buffer. Then, a
new medium was added to the cells. After 4 h incubation, the cells were
exposed to 675 nm light irradiation (2.5 mW cm−2) for 20 min. After
another 24 h incubation, the cells were collected by trypsin and washed
with PBS buffer through centrifugation. The cells were stained by the
apoptosis/cell death assay kit according to the product instructions, and
then flow cytometry analysis was performed.
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For the fluorescence microscopy observations, after the treatments
with the nanoparticle hybrids and light irradiation, the cells were directly
stained by the apoptosis/cell death assay kit according to the product
instructions and then observed by fluorescence microscopy.

3. RESULTS AND DISCUSSION

In this work, we first synthesized MSNP-NH2 via a co-
condensation method37 and bare MSNPs without any functional
groups as a control. Then, Ad was covalently conjugated with
amino groups of MSNP-NH2, and it was coupled onto both the
nanoparticle surface and nanochannels to form MSNP-Ad
(Scheme 2). Hydrophobic ZnPc was loaded into the nano-
channels of MSNP-Ad in DMF, yielding MSNP-Ad+ZnPc. The
MSNP-Ad+ZnPc+CD-2NH2 hybrid was prepared by making
use of strong inclusion complexation between Ad and
β-cyclodextrin. Thus, the complex formation between the Ad
unit on the nanoparticle surface of MSNP-Ad+ZnPc and
CD-2NH2 was carried out in aqueous solution (Scheme 1). In
addition to enhanced dispersion of the hybrid in aqueous
environments on account of the CD-2NH2 complexation, the
loaded ZnPc presents characteristic properties in its monomeric
state. The CD-2NH2 ring could also block ZnPc inside the
nanoparticles without any leakage. The hybrid shows excellent
cell permeability and efficient generation of 1O2 upon irradiation
with monochromatic light at 675 nm. Solid SiO2−NH2 and solid
SiO2-Ad were also prepared as the control groups.
Figure 1a shows a TEM image of MSNP-Ad in a diameter

range of 100−120 nm with clear mesoporous structures. Inset is
the photograph of MSNP-Ad under visible light, showing

colorless powder. After the mesopores were occupied by ZnPc in
MSNP-Ad+ZnPc+CD-2NH2 (Figure 1b), they cannot be clearly
observed by TEM when compared to that of MSNP-Ad. The
inset of Figure 1b shows the photograph of MSNP-Ad+ZnPc
+CD-2NH2 under visible light, giving blue color. While
preparing ZnPc-loaded MSNP-Ad to keep ZnPc mostly in its
monomeric state inside the mesopores, a solution of ZnPc with a
concentration of 0.1 mg mL−1 was used. The dispersion of ZnPc
in MSNP-Ad was monitored by the UV−vis spectrum. ZnPc in
DMF has a characteristic absorption maximum at 669 nm (black
curve in Figure 1c). ZnPc loaded inside the mesopores of
MSNP-Ad in PBS buffer exhibits a slight bathochromic shift of
the absorption maximum to 672 nm (green curve in Figure 1c).
The Ad spacer could prevent the aggregation of ZnPc inside the
mesopores to a great extent. The amount of ZnPc loaded
in MSNP-Ad was determined spectrophotometrically to be
0.6 wt %, by sonicating ZnPc-loaded MSNP-Ad in DMF
thoroughly to extract out all ZnPc molecules. Then, all the
extracted ZnPc in DMF solution was quantified by its UV−vis
absorbance intensity. As compared with MSNP-Ad+ZnPc,
MSNP-Ad+ZnPc+CD-2NH2 in PBS buffer exhibits a further
bathochromic shift of the absorption maximum to 675 nm (red
curve in Figure 1c, Δλ = 5 nm), which is a characteristic
monomer signature of ZnPc inside the mesopores. The emission
spectrum was also recorded in PBS buffer at pH 7.2. When
excited at 610 nm, the MSNP-Ad+ZnPc+CD-2NH2 hybrid
(0.5 mg mL−1) shows the emission maximum of ZnPc at 680 nm
(Figure 1d) with a fluorescence quantum yield (ΦF) of
0.11 relative to ZnPc in DMF (ΦF = 0.28).40,41 The absorption

Figure 1. TEM images of (a) MSNP-Ad and (b) MSNP-Ad+ZnPc+CD-2NH2. Insets are the photographs of the corresponding nanoparticles under
visible light. (c) UV−vis absorption spectra of MSNP-Ad+ZnPc (green curve) and MSNP-Ad+ZnPc+CD-2NH2 (red curve) in PBS buffer (pH 7.2), as
well as of ZnPc alone in DMF (black curve, 4.8 × 10−7 M). (d) Emission spectrum of MSNP-Ad+ZnPc+CD-2NH2 in PBS buffer (pH 7.2).
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and fluorescence properties provide clear evidence for the
monomeric existence of ZnPc inside the nanochannels with the
Ad spacers.
Powder X-ray diffraction pattern of MSNP-Ad demonstrates

hexagonal packing ofMCM-41 type mesoporous structure with a
clear (100) peak at 2θ = 2.14 (Figure S1 in the Supporting
Information (SI)). The nanoparticle size of MSNP-Ad was
estimated to be about 100−120 nm in diameter, which is
basically consistent with the size distribution determined by
TEM (Figure 1a) and FE-SEM (Figure S2 in the SI). Surface area
and porous nature of MSNP-NH2, MSNP-Ad, and MSNP-Ad
+ZnPc were characterized by N2 adsorption/desorption
measurements. Typical type-IV isotherms (Figure S3a in the
SI), indicative of mesoporous structure, were observed for both
MSNP-NH2 andMSNP-Ad, giving a BET (Brunauer−Emmett−
Teller) surface area of 1116.63 m2 g−1 for MSNP-NH2 and
852.58 m2 g−1 for MSNP-Ad (Table S1 in the SI). The BET
experiments indicate that the introduction of the Ad unit did not
obviously block the mesopores. The decreases in the BJH
(Barrett−Joyner−Halenda) pore size from 2.81 to 2.52 nm and
the pore volume from 0.98 to 0.83 cm3 g−1 after the introduction
of the Ad unit to MSNP-NH2 proved successful internal
modification of the nanochannels with the Ad spacer (Figure S3b
and Table S1 in the SI). After loading ZnPc into the mesopores
of MSNP-Ad, the surface area, pore size, and pore volume of
MSNP-Ad+ZnPc were significantly dropped.
The functionalization process was also traced by FT-IR spectra

(Figure S4 in the SI). After the Ad modification, a new peak at
1560 cm−1 corresponding toN−Hbending from the amide bond
was observed from the FT-IR spectrum of MSNP-Ad. In
addition, the amount of the functional groups in the nano-
particles could be roughly estimated from the TGA results
(Figure S5 in the SI). The extra 6 wt % (i.e., 1.15 mmol g−1)
weight loss in MSNP-NH2 (black curve in Figure S5, SI) as
compared to MSNPs (blue curve in Figure S5, SI) was
contributed to amino functional groups (−NH2), and further
7 wt % (i.e., 0.514 mmol g−1) weight loss inMSNP-Ad (red curve

in Figure S5, SI) as compared to MSNP-NH2 was attributed to
the introduction of the Ad spacer.
Furthermore, zeta-potential measurements indicate that, after

the Ad functionalization, the nanoparticle surface charge
decreased from 24 to 6.7 mV owing to the replacement of
amino groups with the Ad units. A similar charge decrease was
found after converting solid SiO2−NH2 to solid SiO2-Ad. The
complex formation between the Ad unit and CD-2NH2 in
MSNP-Ad+ZnPc+CD-2NH2 was further evidenced from
enhanced surface charge to 23.3 mV (Table S2 in the SI).
Dynamic light scattering (DLS) measurements reveal that the
DLS size of the nanoparticles decreased from MSNP-Ad+ZnPc
to MSNP-Ad+ZnPc+CD-2NH2 (Table S2 in the SI), indicating
that the introduction of CD-2NH2 enhances the dispersibility of
MSNP-Ad+ZnPc+CD-2NH2 in aqueous solution.
To further study the role of the Ad spacer in isolating ZnPc in

the nanoparticles, ZnPc was loaded into MSNPs without the Ad
modification, giving MSNP+ZnPc. Although a similar loading
capacity between MSNPs (0.5 wt %) and MSNP-Ad (0.6 wt %)
was found (Table S3 in the SI), no characteristic absorption peak
around 675 nm corresponding tomonomeric ZnPc was observed
for MSNP+ZnPc (Figure S6 in the SI). In addition, we also tried
to attach ZnPc onto solid SiO2-Ad nanoparticles with a diameter
of about 100 nm. The solid SiO2-Ad nanoparticles were
characterized by TEM and FT-IR spectra (Figures S7 and S8
in the SI). After carrying out the same loading procedure on solid
SiO2-Ad, much lower loading capacity (<0.1 wt %) and no
absorption peak corresponding to ZnPc were observed (Table S3
and Figure S6 in the SI). These observations clearly demonstrate
that ZnPc was indeed loaded into the nanochannels of MSNP-Ad,
and the Ad units modified on the nanochannels could effectively
serve as the spacers to prevent loaded ZnPc from the aggregation.
We then investigated photoinduced 1O2 generation capability

of the MSNP-Ad+ZnPc+CD-2NH2 hybrid through an indirect
chemical method using ADMA (9,10-anthracenediyl-bis-
(methylene)dimalonic acid) as the 1O2 trap agent. ADMA reacts
with 1O2 to produce corresponding endoperoxide that can
be followed by absorption changes of ADMA.14,42 ADMA

Scheme 2. Schematic Representation for the Preparation of MSNP-Ad
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(6 × 10−5 M) was added into PBS buffer (pH 7.2) containing
MSNP-Ad+ZnPc+CD-2NH2 (0.5 mg mL−1) under stirring.
A typical absorption spectrum of the mixture shows two
characteristic regions (Figure 2a); i.e., absorption corresponding
to ADMA is at 350−415 nm, and absorption for ZnPc is from
650 to 690 nm. The absorption of ADMA decreased
continuously, when the mixture was irradiated under 675 nm
light for 40 min. It should be noted that the power of the light
source used in the study was 2.5 mW cm−2, which was much
lower than that employed in previous reports using ZnPc for
PDT-based cancer therapy.43−45 Photobleaching of ADMA
confirmed efficient generation of 1O2 from ZnPc inside Ad-modified
mesopores. A ratiometric plot by comparing the absorption intensity
changes between ZnPc in DMF and MSNP-Ad+ZnPc+CD-2NH2

in water against irradiation time clearly reveals the 1O2 generation
capability of ZnPc inside the mesopores of MSNP-Ad. Therefore,
effective 1O2 generation ofMSNP-Ad+ZnPc+CD-2NH2 in aqueous
conditions provides a proof-of-concept for our strategy of

preventing ZnPc from its aggregation inside the nanochannels of
MSNP-Ad.
To prove that the introduction of CD-2NH2 could enhance

cellular internalization of the MSNP-Ad+ZnPc+CD-2NH2

hybrid, we carried out parallel in vitro experiments using
FITC-labeled nanoparticles. MSNP(FITC)-Ad+ZnPc and its
CD-2NH2 complex, i.e., MSNP(FITC)-Ad+ZnPc+CD-2NH2,
were prepared accordingly for detailed investigations. The two
hybrids containing both ZnPc and FITC dyes with different
excitation wavelengths can be easily traced in vitro from green
(FITC) and red (ZnPc) excitation channels. We incubated
HeLa cells with the two hybrids, respectively. Figure S9 in the SI
shows the images of HeLa cell lines incubated with either
MSNP(FITC)-Ad+ZnPc (row 1 in Figure S9a, SI) or
MSNP(FITC)-Ad+ZnPc+CD-2NH2 (row 2 in Figure S9a, SI)
after 24 h, and obvious intracellular fluorescence indicates much
better cellular internalization capability of MSNP(FITC)-Ad
+ZnPc+CD-2NH2. Intracellular localization and accumulation

Figure 2. (a) UV−vis absorption changes (between 340 and 420 nm) showing a decrease in the absorption of ADMA upon irradiatingMSNP-Ad+ZnPc
+CD-2NH2 with 675 nm light for 40 min. Inset shows an enlarged area corresponding to the absorption changes of monomeric ZnPc inside MSNP-Ad
+ZnPc+CD-2NH2. (b) A ratiometric plot showing the 1O2 generation performance of ZnPc in DMF (red curve) and MSNP-Ad+ZnPc+CD-2NH2 in
water by comparing the ratio of absorption intensity changes between ADMA at 400 nm (A400) and ZnPc at 675 nm (A675) against irradiation time.

Figure 3. (a) Photodynamic cytotoxicity of HeLa cells determined by MTT cell viability assay. The cells were incubated with MSNP-Ad+ZnPc+CD-
2NH2 for 24 h followed by irradiation at 675 nm light for 30 min (red bars) and 60 min (blue bars). Another set of cells was incubated with MSNP-Ad
+ZnPc+CD-2NH2 in the dark as a control (green bars). The concentrations refer to the amounts of MSNP-Ad used. (b) Apoptosis/cell death assay of
HeLa cells determined by flow cytometry. HeLa cells without any treatment were used as a control (b1). HeLa cells were incubated with MSNP-Ad
+ZnPc+CD-2NH2 (20 μg mL

−1) for 24 h followed by incubation in the dark (b2) or irradiation under 675 nm light for 20 min (b3).
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experiments conducted using the two hybrids under the
same conditions provide unambiguous evidence for enhanced
internalization of MSNP(FITC)-Ad+ZnPc+CD-2NH2. The
flow cytometry analysis (Figure S9b in the SI) presents further
proof for the enhanced uptake of MSNP(FITC)-Ad+ZnPc+CD-
2NH2 since its intracellular fluorescence intensity is more significant
as compared with that of MSNP(FITC)-Ad+ZnPc without the
CD-2NH2 capping. Thus, the enhancement in cellular uptake via the
CD-2NH2 complexation endows high nanoparticle concentration
inside the cell lines, which is beneficial to achieve apparently high
photodynamic toxicity under light irradiation. Moreover, we
investigated the release profile of ZnPc from MSNP-Ad+ZnPc
+CD-2NH2 in PBS buffer at pH 7.2, and no ZnPc release was
observed after three days (Figure S10 in the SI). The observation
demonstrates a good capping capability of the CD-2NH2 ring on the
nanoparticle surface, blocking ZnPc inside the mesopores from the
leakage.46

To examine the PDT efficiency of MSNP-Ad+ZnPc+CD-
2NH2, the MTT cell viability assay on HeLa cancer cell lines was
performed. The in vitro photodynamic toxicity was investigated
by using amonochromatic light with a low power of 2.5 mW cm−2.
HeLa cells were first incubated with MSNP-Ad+ZnPc+CD-2NH2
at a series of concentrations for 24 h and then washed with PBS
buffer twice to remove residual nanoparticles that were not
consumed by cells. Light irradiation experiments were carried out
using an in-house developed experimental setup (Figure S11 in the
SI). After 48 h incubation followed by irradiation, the cell viability
was examined byMTT. Control experiments were also conducted
by keeping the samples in the dark. Figure 3a shows the results of
the MTT viability assay using different amounts of MSNP-Ad
+ZnPc+CD-2NH2. Even at the maximum possible concentration
in the dark, relatively low cytotoxicity (green bars) was observed.
Higher photodynamic cytotoxicity of the hybrid was observed after
irradiating the cells for 60 min than that for 30 min. For the case of
30 min light irradiation, the half maximal inhibitory concentration
(IC50) was found to be only about 10 μg mL

−1, which was a very
low concentration suitable for biological applications. In addition,
much less cytotoxicity was found forMSNP-Ad+ZnPc+CD-2NH2
without the light irradiation at this concentration (Figure 3a). The
MTT assay on HeLa cells without the nanoparticle addition was
also carried out after exposure to 675 nm light, and no cell death
was observed (Figure S12 in the SI).
The cell apoptosis pathway was investigated by flow cytometry

using a moderate concentration (20 μg mL−1) of MSNP-Ad+ZnPc
+CD-2NH2 (Figure 3b). A cell apoptosis/death staining kit was
used, in which green fluorescence dye-conjugated annexin V binds
to apoptotic cells and red fluorescence dye propidium iodide
effectively stains the nucleus of dead cells. For HeLa cells treated
with MSNP-Ad+ZnPc+CD-2NH2 kept in the dark (Figure 3b-2),
only a few apoptotic cells (2.07%) were detected, showing almost
the same cell distribution to the control group without any
treatment (Figure 3b-1). The observation indicates low cytotoxicity
of the MSNP-Ad+ZnPc+CD-2NH2 hybrid. In contrast, the
treatment with the hybrid under light irradiation led to obvious
cell apoptosis (Figure 3b-3). In this case, the cell population of
26.43% with high fluorescence intensity from both annexin V and
propidium iodide could be attributed to dead cells that experienced
the apoptosis process andwere stainedwith both dyes, while 12.87%
cells only stained with annexin V were undergoing the apoptosis
process. The apoptosis/cell death analysis was also investigated by
fluorescence images (Figure S13 in the SI). After the PDT
treatment, considerable green dots indicating apoptotic cells and red
dots indicating dead cells were observed. After merging green and

red images, the individual green dots could be assigned to the
apoptotic cells, while the resulting yellow dots indicate dead cells
that experienced the apoptosis and cell death process.
Then, we directly compared the PDT efficacy of the MSNP-

Ad+ZnPc+CD-2NH2 hybrid with free ZnPc in solution. To fully
suspend ZnPc molecules, we used a H2O:DMSO (9:1) mixture
solution for the MTT cytotoxicity assay. A certain amount of
ZnPc could enter into HeLa cells, leading to a low cytotoxicity
(curves 1 and 2 in Figure S14, SI). However, no detectable photo-
dynamic cytotoxicity was observed from free ZnPc in the cells after
light irradiation (curve 3 in Figure S14, SI). Interestingly, for the
same amount of ZnPc in the MSNP-Ad+ZnPc+CD-2NH2 hybrid
used, effective apoptosis was observed after light irradiation (curve 4
in Figure S14, SI), indicating high PDT efficiency of the hybrid.
Hence, it can be concluded that the MSNP-Ad+ZnPc+CD-2NH2
hybrid provides effective 1O2 generation and obvious cytotoxicity
dependent on the concentration and light irradiation, inducing the
apoptosis and death of the cancer cells.
We further investigated the biological process of photo-

dynamic activity in MSNP-Ad+ZnPc+CD-2NH2-induced cell
apoptosis using a fluorescence microscope and Bio-TEM
analysis. Intracellular localization and accumulation of the hybrid
were visualized by monitoring red fluorescence from loaded
ZnPc. Figure 4 shows fluorescent microscopic images of

HeLa cells (60 × oil objective) treated with the hybrid for
24 h. Figures 4a−c are the images of cell lines kept in the dark.
The overlay image (Figure 4c) indicates the enhanced
internalization of the hybrid. Figures 4d−f are the images of
cell lines incubated with the hybrid for 24 h followed by exposure
to light at 675 nm for 30 min. After the irradiation, the cells
were incubated for another 24 h before the observation. The
morphology of HeLa cells significantly changed after the
irradiation, which demonstrates that MSNP-Ad+ZnPc+CD-2NH2
could bring serious photodynamic damage to cells for eventual
apoptosis. When the cells without any treatment were irradiated
by light under the same conditions, no detectable damage was
observed.
Simultaneously, we conducted Bio-TEM analysis on ultrathin

sections of HeLa cells treated with MSNP-Ad+ZnPc+CD-2NH2
before and after the irradiation, to illustrate the possible uptake
and localization mechanism of the hybrid. Figures 5a,b show the
precise distribution of the hybrid within cells, indicating that
those endocytosed hybrid-based vesicles with ellipsoidal
morphology primarily accumulated in the cytoplasm. At 12 h

Figure 4. (a−f) Fluorescence microscopic images of HeLa cancer cells
treated with MSNP-Ad+ZnPc+CD-2NH2 (20 μg mL

−1). Images (a−c)
are before light irradiation and (d−f) after irradiation showing
completely damaged cells.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am404578h | ACS Appl. Mater. Interfaces 2013, 5, 12860−1286812866



after the light irradiation, cells showed cytoplasmic shrinkage
and cellular vacuolation (Figure 5c). Completely dead cell
morphology was observed at 24 h after the irradiation, which
displayed apoptotic bodies and membrane blebbing (Figure 5d).
The experiment results confirmed that the photodynamic effect
of the hybrid under the defined conditions could be employed for
efficient cancer treatment.
To achieve target PDT therapy, we further modified the hybrid

with FA that is widely used as a targeting ligand in cancer
therapy.46,47 As the FA receptor is usually overexpressed in most
cancer cells while having a low expression in normal cells, FA
receptor mediated endocytosis is expected from the FA
conjugated hybrid, i.e., MSNP-Ad+ZnPc+CD-FA. After the FA
conjugation, the monomeric state of ZnPc within MSNP-Ad still
remained since its absorption peak at 674 nmwas observed in the
UV−vis spectrum of MSNP-Ad+ZnPc+CD-FA (Figure S15a
in the SI). Meanwhile, a new peak around 280 nm corresponding
to the FA unit proved successful conjugation of FA onto the
hybrid (Figure S15a in the SI). The 1O2 generation capability of
MSNP-Ad+ZnPc+CD-FA was confirmed by using ADMA
under a method similar to that mentioned above (Figure S15b
in the SI). In this study, the HEK293 cell line was used as a
normal cell model since it has a low FA receptor expression, and
HeLa cells with a high FA receptor expression were employed as
a cancer cell model.46,47 Through flow cytometry analysis, we
found that the FITC-labeled MSNP-Ad+ZnPc+CD-FA, i.e.,
MSNP(FITC)-Ad+ZnPc+CD-FA, showed higher uptake in
HeLa cells as compared to that in HEK293 cells (Figure S16a
in the SI). Much higher photodynamic cytotoxicity to HeLa cells
was observed when they were treated with MSNP-Ad+ZnPc
+CD-FA followed by light irradiation under the same conditions

(Figure S16b in the SI), indicating promising application
potential of MSNP-Ad+ZnPc+CD-FA towards targeted PDT
therapy in the cancer treatment.

4. CONCLUSIONS
In conclusion, we have developed a novel strategy to prevent the
aggregation of zinc(II) phthalocyanine (ZnPc) by loading it into
the nanochannels of adamantane-functionalized mesoporous
silica nanoparticles. ZnPc existed in its monomeric state inside
the nanochannels and shows highly efficient singlet oxygen
generation in aqueous environment upon light irradiation.
Owing to the complexation of amino-substituted β-cyclodextrin
with the adamantane unit on the nanoparticle surface, the ZnPc-
loaded nanoparticle hybrid exhibits remarkable stability in
aqueous solution and low cytotoxicity in the dark. Significant
photodynamic damage to cancer cells has been achieved using
the ZnPc-loaded hybrid under suitable light irradiation. This
novel hybrid may serve as a promising platform for developing
the next generation of photodynamic therapeutics towards
specific cancer treatment.
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