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Preparation, characterization and in vitro photodynamic therapy
of pyropheophorbide-a —conjugated Fe30, multifunctional
magnetofluorescence photosensitizer

Jianjun Cheng,  Guanghui Tan, *® Wenting Li, ? Jinghua Li,? Zhigiang Wang, 2+ Yingxue Jin? *

Novel pyropheophorbide-a -conjugated multifunctional magnetofluorescence nanoparticles Fe30.@SiO.@APTES@
Glutaryl-PPa (MFNPs) with mean diameter 50nm were strategically designed and prepared for photodynamic therapy (PDT)
and medical fluorescence imaging. Chlorin photosensitizer pyropheophorbide-a (PPa) was covalently anchored on the
surface of core-shell Fe30.@SiO.@APTES nanoparticles that were prepared via a sol-gel process with a bridging glutaryl
group. The phase constitution, morphology, size, chemical properties, magnetic property of the intermediates and final
nanoparticles were characterized by X-ray powder diffraction, transmission electron microscopy, Fourier transform
infrared spectrometer, zeta potential, vibration sample magnetometer, thermogravimetric analysis, ultraviolet-visible
absorption spectra and fluorescent emission spectroscopy. These results showed that the MFNPs have good dispersibility
in alcohol and water, excellent magnetization with 17.31 emu/g at 300 K, strong superparamagnetic and good
photoluminescence property. The in vitro PDT against human Hela cervical cancer cell suggested that MFNPs could
permeate the tumor cells quickly and mainly locate in the cytoplasm, inducing damage and apoptotic cell death. The
cancer cell viability was lowered to 10.18% after treatment with PDT. In addition, the formation of reactive oxygen species

in Hela cells after MFNPs-PDT treatment was studied, which suggested that Type | and Type Il photodynamic reactions can

occur simultaneously.

Introduction

Cancer has been seriously threatening human health for a long
period. Among various choices for cancer treatment,
photodynamic therapy (PDT),13 as a noninvasive therapeutic
modality providing painless and repeating treatment for
patients, has obtained regulatory approval for
applications for various kinds maladies such as gastric cancer,*
urinary system tumors,> breast cancer,® brain tumors, actinic
keratoses and psoriasis,”8 etc. PDT involves the combination of
visible light, photosensitizer, In the
presence of oxygen, the tumor-associated photosensitizer is
excited from ground state to the excited state after activation
with light of an appropriate wavelength, and an electron was
transferred to nearby tissue oxygen, producing oxygen free
radicals (Type | reaction mechanism of PDT), or hydroxyl
radicals (HR), superoxide anion, hydrogen peroxide and so on;
or the excitation energy might then be transferred to nearby
tissue oxygen, thus producing excited singlet oxygen (10,, Type

clinical

and tissue oxygen.
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Il reaction mechanism of PDT). In spite of their short-time
existence, these oxygen free radicals and singlet oxygen, also
known as Reactive Oxygen Species (ROS), % 10 have a very
strong activity to induce the cell toxicity or destroy the cells,
leading to vascular injury or abnormal immune response, and
eventually leading to cancer tissue damage.

Photosensitizer is the key of PDT. The ideal photosensitizer
should not only be able to specially bind to tumor cells, have a
strong absorption at a wavelength of 600 -900 nm region, high
efficiency in generating reactive oxygen species within the
aerobic tissues, but also have characteristics of cancer
targeting, low dark toxicity, soft tissue penetration depth, and
so on. Natural chlorophyll and its degradation product
pyropheophorbide-a (PPa) are potential ideal materials for
photodynamic therapy due to their advantages of long
absorption wavelength (>667 nm), low dark toxicity, well-
defined composition and molecular structure, big molar
extinction coefficient and high rate of fluorescence quantum.!
Nevertheless, because of the m-m conjugation between the
PPa is prone to
aggregation under physiological conditions, leading to the low

parent nucleus chlorin aromatic ring,
degree of natural selective aggregation in the lesion tissue,
low water solubility and poor target enrichment of PPa,
increasing the poisonous side effect on the organizational
system. Herein, improving the water solubility of
pyropheophorbide-a, reducing the aggregation under
physiological conditions and enhancing selective enrichment in
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Fig.1 Schematic Diagram of the Synthesis Route for the magneto-
fluorescence nanoparticles MFNPs (Fe30s@SiO.@APTES@Glutaryl-
PPa)with core-shell structure.

diseased tissue, is the hinges to develop pyropheophorbide-a
as an ideal photosensitizer in PDT in clinical application.

In recent years, magnetic FesO; NPs, which have the
advantages of good magnetic targeting, surface effect and
small-sized effect and biocompatibility, have been widely
applied in fields of targeted drug deliver, cell separation,?2
magnetic resonance imaging (MRI),1317  biosensing,1®
immunoassay,120 catalytic,2! and magnetic hyperthermia.22.23
Superparamagnetic Fe3s0, are preferred due to its ability to
become magnetized upon exposure to a magnetic field but
have no permanent magnetization once the field is turned
off.24 Thus, they are less prone to aggregate and to induce
dangerous thrombosis of blood vessels. So it’s a potential
reagent for targeted drug carrier in drug delivery applications.
While pure FesOs NPs were easy to aggregate because of the
nano-effect and magnetic attraction, and easy to be oxidized in
the air, which has limited the direct application.?>26 Coating
SiO; layer on the surface of Fe3O4 has been widely recognized
for which could effectively reduce the zero charge points,
shield the magnetic attraction and transfer the phase from
hydrophobic to hydrophilic, consequently leading to better
water-solubility, chemical stability and biocompatibility.2728 In
addition, the abundant hydroxyl or amino groups on the
surface of SiO, make the particles easy to further
functionalize.?931 A recently reported Fe;0,@TiO, NPs could
be used as a multifunctional agent of MRI and an inorganic
photosensitizer for PDT.32TiO, could be maintained for a long
time in the body than that of organic photosensitizers, yet the
poor water-solubility, short absorption wavelength only
response to ultraviolet light and soft tissue penetration
shallow had limited its application for PDT. Another newly
reported organic  photosensitizer
chlorin e6 (Ce6) conjugated Fes0, is suitable for simultaneous
targeting PDT and in vivo MRI, 4yet with poor dispersity and a
short absorption wavelength lower than 650nm. The designed
photosensitizer in our paper longer absorption

magneto-fluorescence

showed
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wavelength (667nm) than the above reported agents. The
longer absorption wavelength makes the photosensitizer more
potential in the treatment of deep tumors.

Herein, we designed and synthesized a novel multifunctional
magneto-fluorescence nanoparticles Fes0,@SiO;@APTES@
Glutaryl-PPa (MFNPS) (Fig.1) through a bridging glutaryl group
for simultaneous photodynamic therapy, medical fluorescence
imaging, magnetic hyperthermia and noninvasive MRI.%33 In
this study, Fe3O4 was first coated with SiO; layer, Which was
used to make the particles easily functionalized, and then 3-
aminopropyl triethoxysilane (APTES) was conjugated to the
surface of iron oxide nanoparticles through hydroxyl group, so
that the amino groups on the surface of nano-Fes30, could
make the particles easy to couple with PPa through glutaryl
dichloride coupling agent and improve the dispersion of
MENPS in alcohol. products MFNPS
simultaneously possessed photodynamic therapy activity and
good magnetic targeting. Mostly important, the core-shell
Fes0,@SiO,@APTES and glutaryl group will significantly
improve the dispersity and biocompatibility, enhance the
tumor targeting, reduce toxicity, and overcome drug-
resistance mechanisms. The target MFNPs was synthesized
through continuous chemical modifications on nano-Fes0a4
core (Fig.1). The properties of the intermediates and product
were characterized using various methods. The in vitro PDT
against human Hela cervical cancer cell line was investigated
to evaluate MFNPs as the photosensitizer agent in support of
PDT. In order to investigate the intracellular distribution of
MFNPs, cell uptake experiments were performed on Hela cells
and analyzed by fluorescent inverted microscope. Cell
morphological changes after PDT was analyzed by using
acridine orange (AO) /ethidium bromide (EB) double
fluorescent staining. In addition, specific ROS quenching agent
SA and DM were utilized to visualize Type | and Type Il
photodynamic reactions. The research provided a unique
method of the preparation of different MFNPs by engineering
the structure of Fe304 core and expand the application of
multifunctional nanoparticles in the field of PDT, fluorescence
imaging, magnetic hyperthermia and MRI.

water or Final

Experimental

Chemicals and Reagents

Ferric chloride hexahydrate (FeCls-6H,0, 98%), Sodium oleate,
Oleic acid, Tetraethyloxylsilicate (TEOS), Hexadecyl trimethyl
ammonium bromide (CTAB,99%), (3-aminopropyl)-triethoxy
silane(APTES), Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethy
Ithiazol-2-yl)-2,5-dipheny-Itetrazolium bromide (MTT) were
purchased from Sigma-Aldrich. 1-octadecene, glutaryl
dichloride were purchased from Alfa Aesar. Chemical Company.
Ethanol, Toluene, Chloroform, Triethanolamine, Methanol,
Dichloromethane, Sodium hydroxide (NaOH), were analytical
reagent. Dulbecco’s modified eagle medium (DMEM), penicillin,
fetal bovine serum (FBS), and streptomycin were purchased
from Beijing Dingguo Biotechnology Co. Phosphate buffered
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saline (PBS) purchased from Invitrogen (10010) was used as a
balanced salt solution in cell culture. PBS used in other
experiments was prepared by mixing stock solutions of
NaH;P04 and Na;HPO,. All the above chemicals reagents were
used without further purification. All the solvents were
distilled and purified by standard procedures. The pure water
was obtained from a Milli-Q synthesis system (Millipore,
Billerica, MA.USA).

Characterization

The size and shape of the nanoparticles were observed by a
Tecnai G2 F20 S-TWIN transmission electron microscope (TEM)
(FEI, America) operating at 200kV. The X-ray powder
diffraction (XRD) analysis was performed using a Dmax-
2600/PC (Rigaku Corporation, Tokyo, Japan) in the range of 20-
80° with a rate of 3°’min-l. Cu Ka radiation (A=1.5406 A) was
used and the tube operated at 40 kV and 30 mA. Fourier
transform infrared (FT-IR) spectra were acquired using Vertex
80 FTIR spectrometer (Bruker Co., German) with a resolution
of 4cm™ as KBr disc in the range of 4000-400 cml. Magnetic
characteristics were performed at 300 K using a 7410 vibrating
sample magnetometer (VSM) (Lake Shore, America). The
thermal analysis (TGA) was performed using Diamond 6300
TGA (Diamond, America). Analysed sample was heated from
25 to 800°C at a heating rate of 10°C /min under a nitrogen
flow of 50 mL/min. UV-vis absorption spectra were measured
on LAMBDA 25 spectrometer (PerkinElmer). Fluorescent
emission spectroscopy was measured on DF-1000 (China). Zeta
potential was carried out with NanoBrook ZetaPALS Zeta
Potential Analyzer (Brookhaven). Biotek ELx800 absorbance
microplate reader was used in MTT assay. The cells were
imaged using a Fluorescent inverted microscope (FIM, Leica
DM IL LED, Leica Microsystems, Germany).

Synthesis of magnetic Fe3O4 NPs

Ferric chloride hexahydrate (FeCls-:6H,0 2.7g, 10mmol) and
sodium oleate (9.13g, 30mmol) were dissolved in a mixture
solvent (20 mL EtOH, 15 mL distilled water, 35 mL hexane),
ultrasonically for 30 min. The mixed solution was stirred at
70 °C for 4 h, and then cooled to room temperature. The upper
organic layer which contained the iron-oleate complex was
separated in a separation funnel and washed with 10 mL
distilled waters. After evaporating off the organic solvent, iron-
oleate complex was obtained
35Afterward, iron-oleate complex (9g, 10mmol) was dissolved
in octadecene (50g, 198.4mmol) and Oleic acid (1.425g,

4.685mmol). After 10 min of ultrasonic dispersion at room
temperature, the reaction mixture was heated to 320°C
(3.3°C/min) and kept this temperature for 30 min. The color of
the transparent reaction mixture became turbid and brownish
black. After cooling to room temperature, added 125 mL of
anhydrous ethanol to precipitate the nanocrystals. In high

in a waxy solid form.3*

speed centrifugation  condition  (13000r/min), Fe304
nanoparticles were separated and then dumped to remove the
upper layer. 400 mL of mixture solvent (V ethanol:

This journal is © The Royal Society of Chemistry 20xx
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chloroform=6:1) was added several times and separate the
Fe304 by high speed centrifugation again. Collected black Fe304
and vacuum dried at 60°C, then dispersed in chloroform for
further use.

Synthesis of Fe30,@Si0, NPs

The core-shell Fe304@SiO, NPs were prepared by employing
sol-gel method and tetraethyl orthosilicate (TEOS) as precursor
under alkaline conditions and then incorporated with the
proper amount of surfactant, cetyltrimethyl
bromide (CTAB).25 In a typical procedure, 25 mg FeszO4 NPs
were dispersed in 45mL of chloroform, ultrasonically for 1 h.
Then pouring Fe3Os into the solution which contained 3g
hexadecyl trimethyl ammonium bromide and 80 ml of
deionized water. The mixture solution was stirred vigorously
on a water bath for 30 min at 32°C Next, the mixture was
maintained heated up to 60°C to evaporate the chloroform.
After stirring 30 min at 32°C, NaOH aqueous solution (0.1 M)
was added into the system to adjust the pH between 8 -9.
550uL of 20% TEOS ethanol solution was added several times.
And stirred vigorously for 24 h at this temperature. After
adding 100 mL of ethanol, stirred vigorously and then the
Fe30,@SiO, were collected by centrifugation and washed the
black solid with little ethyl alcohol three times. Then dispersed
in 50 mL ethanol for further use.

ammonium

Synthesis of Fe;0,@SiO,@APTES NPs

The Fe30,@SiO,@APTES microspheres were synthesized by
the reaction between (3-aminopropyl) -triethoxysilane (APTES)
and hydroxyl groups. Briefly, 45mg Fe3;0.@SiO> NPs were
scattered in methylbenzene (60 mL) containing 260ulL of APTES,
and the mixture was stirred vigorously for 7 h. After cooling to
room temperature. The product Fes0,@SiO, @APTES NPs was
separated by an external magnet and washed with 100 mL
ethanol three times by centrifugation. Then, dried in a vacuum
oven at 50°C for 3 h and kept it under the condition of cutting
off from the air.

Synthesis of Fe;0,@Si0,@APTES@Glutaryl-PPa (MFNPS) magne-
to-fluorescence microspheres via bridging glutaryl group.

Glutaryl dichloride (22uL, 0.27mmol) and triethylamine (72uL,
0.81mmol) were dissolved in dried CH,Cl, (15mL). Under the
condition of stirring, a mixture which contained 100mg PPa
and dried CH;Cl; (20mL) was dripped into the system slowly.
After dripping, stirred vigorously for 2 h. During the above
reaction process, 10mg Fe30,@Si0O,@APTES NPs were
dispersed in dried CH,Cl; (40mL), ultrasonically for 1 h. Then,
72uL of triethylamine was added to the reaction system. The
mixture which contained Fe30,@SiO.@APTES and dried CH,Cl,
was dripped into the system slowly. After dripping, stirred
vigorously overnight. Then, the precipitated nanoparticles
were separated by an external permanent magnet and the
liquid was pumped to remove. Washed the solid which were
adsorbed by a magnet with 20mL of absolute methanol several
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times, dried in a vacuum oven at 50°C for 3h, and kept it
airproof in dry and cool place and kept away from light.

Cell Culture

The human cervical cancer cells line (HeLa) were maintained in
cell culture dishes with Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% antibiotic (100pg/mL penicillin-100pg/mL
streptomycin, Life Technologies, USA) in an incubator
containing 5% CO, and 98% humidity at 37 °C, and culture
media were changed as needed, and cells were passaged every
other day.

MTT colorimetric assay

To check the cytotoxicity of the MFNPs, cell viability was
estimated by means of the colorimetric MTT assay. The cells
adhered to the surface of the culture vessel were dissected
into a cell suspension by using 0.25% trypsin digestion.
Followed, 200uL of 105 cell/mL suspension was inoculated into
a 96-well plate and cultured as described above. Cells in
experimental groups were cultured with different
concentrations of MFNPs (each concentration gradient) for 3h
followed by exposure to calibrated visible light from a Xenon
Lamp (Newport 67005 Oriel Instruments) passed through a
675nm filter (FSQ-GG400) for 10 min (dosage 25 J/cm?2) and
culture in dark for additional 24h. Then an MTT (Sigma)
solution in PBS (20ul, 5mg/mL) was added to each well
followed by incubation for 4h under the same environment.
The culture medium was then aspirated and 150uL dimethyl
sulfoxide was added to dissolve the sediment. The absorbance
was then measured with a Biotek ELx800 absorbance
microplate reader at a wavelength of 490nm. Cell viability (%)
was then calculated by the equation:

Cell viability (%) = A 490(sample)/ A 490(control) x 100%.
Where A 490(sample) is the average absorbance of the wells
treated with various concentrations of MFNPs, and A490
(control) is the average absorbance of the wells treated with
DMEM+10% FBS. Each experiment was repeated six times.3¢

Cellular uptake of MFNPs nanoparticles

The in vitro uptake of the magneto-fluorescence nanoparticles
MFNPs in Hela cancer cell was analyzed by Fluorescent
inverted microscope (FIM). Suspensions of 105 cell/ml of the
Hela cell lines were incubated on 6 well plates at a density of
2x10> cells per well and the plates were covered with
autoclaved cover glass, followed by incubation overnight. The
MFNPs (1mL, 60pg/mL) was added to the cultured cell in each
well, incubated for 0.5, 1, and 3h respectively, and
subsequently rinsed with cold PBS three times. Then, Cells
were fixed with glutaraldehyde solution (1 ml, 2.5%) for 10 min
at 37 °C, the glutaraldehyde solution was removed and the
cells extensively rinsed with cold PBS three times again, and
subsequently stained with 1 mL of a 1ug/mL DAPI nuclear
probe for 10 min at room temperature. Cell imaging was

4| J. Name., 2012, 00, 1-3

performed on a Leica DM IL LED Fluorescent inverted

microscope (FIM).37.38

Morphological changes of Hela cells after PDT

Cell morphological changes were analyzed by AO (acridine
orange) / EB (ethidium bromide) double fluorescent staining,
which was used to label the nuclear DNA. Suspensions of 10°
cell/ml of the Hela cell lines were incubated on 6 well plates at
a density of 2x10° cells per well and incubated 24h. The
MFNPs (1mL, 50pg/mL) was added to each well with
irradiation for 10min, and subsequently incubated for 6 h.
After removing the culture medium, AO/EB (5uL, 100ug/mL)
dye solutions were added to the cultured cell in each well.
Then morphological variation was observed by fluorescent
inverted microscope.

In vitro PDT effect and Cell Viability MTT Assays

The photodynamic activity test was divided into two groups:
experimental groups, with cells treated with different
concentrations of MFNPs and exposed to light; dark control
group keeps identical to the experimental group without
irradiation. About 2x10% cells per well were seeded into 96-
well plates and incubated for 24h prepared for cytotoxicity
assessment. Then the cells of experimental groups were rinsed
with  PBS, and subsequently cultured with different
concentrations of MFNPs (5,10,20,30,40,50,60,120,250ug/mL,
total volume 100 ul per well) for 3h followed by exposure to
calibrated visible light for 10 min (dosage 25 J/cm?2 ), and then
cultured in dark for additional 24h in DMEM media as
described above, 5 % CO, and 98% humidity at 37 °C . Cell
viability was determined by MTT assay.

Quenching of active oxygen on PDT

To visualize the photochemical processes (Type | and Type II)
mechanism of PDT by adding respectively quenching agent.
The quencher of sodium azide (SA, Sigma-Aldrich) and D-
mannitol (DM, Sigma-Aldrich), which has of relative specificity
to singlet oxygen (*0O3) and hydroxyl radicals (HR), can quench
corresponding ROS generated from photodynamic reaction,
respectively39-41. Thus, the photodynamic activity test was
divided into four groups: blank control group without MFNPs
and light; MFNPs-PDT group, different concentrations of
MFNPs and exposed to light; MFNPs- PDT-SA group, MFNPs
with SA and exposed to light; MFNPs -PDT-DM group, MFNPs
with DM and exposed to light. Precisely, Hela cells were
seeded into 96-well plates at a cell density of 1x104 cells per
well in DMEM and incubated 24h as described above. After
removing the culture medium and washing with PBS three
times, 100l of different concentrations of MFNPs was added
to each well of 96-well plates of MFNPs-PDT group, MFNPs-
PDT-SA group, and MFNPs-PDT-DM group. Besides, SA (20uL,
1mol/L) and DM (40uL, 1mol/L) aqueous solutions were added
to each well of MFNPs-PDT-SA group and MFNPs-PDT-DM
group, respectively. The final concentrations of MFNPs were 5,
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10, 20, 30, 40, 50, 60, 120, 250ug/mL. Then the cells in
experimental groups were incubated for 4h followed by
exposure to calibrate visible light for 10 min, and then cultured
in darkness for additional 24h in DMEM media at 37°C under
5% CO, conditions. While, the cells in the blank control group
were treated with DMEM medium at the same concentrations
found in the formulations without irradiation. Cell viability was
determined by MTT assay.

Results and discussion

Synthesis Pathway of PPa-conjugated MFNPs
Fig.1 shows the

multifunctional

synthesis of magneto-fluorescence
nanoparticles. The magnetic Fes04
nanoparticles were prepared by the solvothermal method with
an average diameter of 12 nm, the core-shell Fe3;0,@SiO,,
which possesses good dispersity in alcohol, water, chloroform
and dichloromethane, were prepared via a sol-gel process with
an average diameter of 40 nm, then the obtained
nanoparticles were modified by coupling agent APTES to
convert to Fe3;0,@SiO,@APTES, the amino groups on the
surface of SiO, make the particles easy to further functionalize,
Finally, Fes0,@SiO,@APTES@GIlutaryl-PPa (MFNPS) with an
average diameter 50nm was conducted with Fe30,@SiO2
@APTES nanoparticles using glutaryl chloride as binding group
and triethylamine as alkaline catalyst. Fe;0,@SiO.@APTES@
Glutaryl-PPa, a triple-layered core-shell structure magneto-
fluorescence nanoparticles, which possesses good dispersity in
alcohol and water, excellent magnetization with 17.31 emu/g
at 300K. The disperse system was shown in green after being
excited by visible light, and red fluorescence under ultraviolet
illumination. Due to the coated SiO, and PPa layer, the
magneto-fluorescence nanoparticles were stable in air and
acid-base system.

Structure and morphology of MFNPs

Phase constitution of the samples was carried out by X-ray
powder diffraction (XRD) technique. Fig. 2 shows XRD patterns
of pure Fe304 (a), Fes0,@SiO; (b), Fes0,@SiO,@APTES (c), and
Fe30,@SiO.@APTES@Glutaryl-PPa MFNPs (d), respectively. As
shown in Fig.2, The characteristic peaks at 26=30.1°(220),
35.4°(311), 43.1°(400), 53.4°(422), 57.1°(511) and 62.6°(440),
which match the magnetite(Fes04) crystal structure data well
(JCPDS card no. 19-0629). Synthetic FesOs nanocrystalline
particles were magnetite crystals with inverse spinel structure.
The characteristic peaks and indices were also observed for
FE304@Si02 (b), FE304@Si02@APTES (C), and F6304@Si02@
APTES@Glutaryl-PPa  MFNPs (d), indicating the surface
modification and conjugation of Fe304NPs do not change their
phase structure. Fig.2b displays the XRD pattern of Fe30,@SiO>
showing an obvious broad peak at 26=15~30°, which is
generally considered as the diffusion peak of amorphous silica.
Fig.2c displays the XRD pattern of Fes0s@SiO,@APTES, The
diffusion peak of amorphous silica at 26=15~30° is broader and

This journal is © The Royal Society of Chemistry 20xx
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higher than that in Fig.2b, indicating that APTES is successfully
coated on the surface of Fe30,@SiO,. Fig.2d displays the XRD
pattern of Fes;0,@SiO,@APTES@GIlutaryl-PPa MFNPs, The
diffusion peak of amorphous silica at 26=15~30° is much
broader and higher than that in Fig.2c, moreover, the peak
type has a tendency to become sharper, showing that the
chlorin photosensitizer (PPa) has a certain effect on the
diffusion peak of amorphous silica, suggesting further that PPa
has been coated on the surface of Fe304@SiO2@APTES
nanoparticles successfully through glutaryl group. These
results confirm that the nanoparticles synthesized in this study
are the Fe30,.

The morphology and sizes of samples were investigated by
transmission electron microscopy (TEM) in part A-D of Fig.3,
and the size distribution statistical analysis from the TEM were
presented in parts E-H of Fig.3 The mean sizes of FesO4 NPs,
Fe304@Si02 NPS, FE‘304@SiOz@APTES NPS, and
Fe3s0,@SiO,@APTES@GIutaryl-PPa  MFNPs conjugates were
12nm, 40nm, 44nm, 50nm in diameter with size distribution
standard deviation of 0 nm, 1.2 nm, 0.5 nm, 0.4 nm,
respectively. Figure 3A shows the TEM image of Fe3O4
dispersed in CHCl;, The mean diameters of Fe3sO4 NPs were
12nm with uniform size and spherical shape. The nanoparticles
showed narrow size distribution (Fig.3E) and no agglomeration
in CHCl;s. However, pure Fe30, magnetic nanoparticles has
poor dispersity in water and alcohol system because of the
magnetic attraction and nanometer effect. Figure 3B clearly
displays that SiO, shell has successfully coated on the surface
of Fes04, and the Fes0,@SiO, were obtained with a diameter
of about 40nm, and the nanoparticles are spherical, either. But
the size distribution is relatively wide (34-43nm) (Fig.3F). The
average thickness of silica shell is 14nm approximately.
Compared with Fes30; in water and alcohol system,
Fe304@SiO> NPs shown in figure 3B has good dispersity and
morphology due to the abundant hydroxyl groups on the
surface of SiO; reduce magnetic
attraction from each other effectively. The TEM image of
Fe304@SiO,@APTES as shown in Figure 3C. The thickness of
silica shell is markedly thickened and reaches ~ 16nm, because
of the hydrophilic amino on the surface of APTES shell-layer
and the further reduced magnetic attraction, the
Fe30,@SiO,@APTES NPs are quite homogeneous and exhibit
good mono-dispersity with a mean diameter of about 44nm.
These results further proved that APTES has been coated on
the Fe3;0,@SiO; surface. Figure 3D shows the TEM image of
Fe30,@SiO,@APTES@Glutaryl-PPa MFNPs. The thickness of
silica shell-layer is markedly thickened and reaches ~19 nm
approximately. After immobilizing PPa of chlorin derivative on
the surface of FesO,@SiO,@APTES NPs, similar inerratic shape
were observed for other magnetic materials and the mean
diameters of the MFNPs increased to 50nm. Because of
hydrophobicity of chlorin photosensitizers, the dispersity of
the MFNPs reduces slightly, yet the dispersity is good still. The
results suggested that PPa has been coated on the surface of
silica shell successfully through a bridging glutaryl group.

shell-layer which also
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Fig.4.FT-IR spectra of Fes04 (a), Fes0s@SiO: (b), Fes0.@SiO.@APTES
(c), PPa (d) and Fe304@SiO2@APTES@Glutaryl-PPa (e), respectively.

FT-IR spectrum analysis

FT-IR was used to monitor the immobilization process. The FT-
IR spectrum of Fe304, Fes0,@Si0,, Fes0,@SiO,@APTES, PPa
and Fe30,@SiO,@APTES@GIutaryl-PPa NPs are shown in
Fig.4a-e. In Fig.4a, 4b and 4c, the characteristic absorption
band at 588cm is assigned to the bending vibration of Fe-O in
Fes04. In Fig. 4b and 4c, the presence of strong and broad
absorption bands at 1085 cm-! and 451 cm™! are attributed to
the asymmetric stretching and bending vibration of Si-O-Si,
respectively. In Fig.4a,4b and 4c, the presence of hydroxyl on
the surface of NPs and the adsorbed water in the sample are
observed in the broad absorption of O-H stretching at 3400
m-1 -3500 cmL. Of the characteristic absorption peaks of the
primary amine (-NH;), one overlaps with the O-H band at 3400
cm -3500 cm!, and the other bending vibration of N-H is
visible at 1470cm-. Also, the peaks at 1400 cm™ and 1634 cm™!
are attributed to the stretching vibration of C-N and the
bending vibration of O-H, respectively. Besides, compared to
Fes0,@SiO, (Fig.4b) nanoparticles, the enhanced band
between 2950 cm! and 2850 cm-! (Fig.4c) is attributed to the
stretching vibration of the C-H bond in the side chains derived
from APTES, which demonstrates the SiO, layer and APTES
layer are coated on the surface of Fesz04 successfully. Fig.4d
shows the FT-IR spectrum of pure PPa, the band in 1670 cm is
attributed to the stretching vibration of C=0 bond. After
grafting PPa on the surface of Fe;0.@SiO.@APTES
nanoparticles, the absorption peaks of Si-O-Si (asymmetric
stretching) and Fe-O (bending vibration) in Fig. 4e move
towards high frequency region, appearing at 1096 cm™ and
596 cmt, respectively. Also, the absorption peaks at 1658 cm,
1558 cmtand 1406 cm™ are in correspondence with vibrations
of C=0, C=C and C=N stretching in Fes0.@SiO,@APTES@
Glutaryl-PPa (Fig.4e), respectively. These peaks confirm the
presence of the subunits of chlorin in MFNPs. Overall, these

This journal is © The Royal Society of Chemistry 20xx
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results have provided supportive evidence that PPa had been
coated on the surface of Fes0,@Si0O,@APTES successfully.
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Fig.5. Zeta potential of Fe30s, Fe30s@SiO2, Fe30.@SiO@APTES,and
Fes04@Si0,@APTES@Glutary-PPa (MFNPs) at pH=7.0
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Zeta potential measurements

Electrostatic interaction of nanoparticles can be controlled by
variation in their surface charges. Therefore, zeta potential
measurements of Fe30g4, Fes0,@SiO,, Fes0,@SiO,@APTES and
Fe30,@SiO,@APTES@Glutary-PPa (MFNPs) were further used
to confirm the presence of amino groups and PPa on the
surface of Fes0,@SiO; NPs. From Fig.5, FesO4 and Fes0,@SiO;
show a zeta potential of -18.92+1.54 mV, -9.81+1.29 mV
derived from the negative charge of surface of oleic acid and
Si-OH, respectively. Meanwhile, the zeta potential of Fe30,
@SiO,@APTES possessed higher positive charge due to the
decrease of Si-OH substituted by SiO,-NH,, which increased to
18.68+2.6 mV. After coating PPa on the surface of
Fe30,@SiO,@APTES NPs, the zeta potential decreased to -

This journal is © The Royal Society of Chemistry 20xx
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25.38%+2.2 mV as expected, which may be responsible for the
prepared MFNPs’ highly water dispersity and solubility. In the
coupling reaction, the carboxyl group of PPa neutralized the
positive charge of the amino group. Based on the above
investigation, it is clear that APTES and PPa have been
successfully anchored on the surface of Fes0,@SiO; NPs.

Magnetic measurements

To study the nanoparticles magnetization further, vibrating
sample magnetometer (VSM) was performed to investigate
the magnetic properties of as-synthesized nanoparticles.Fig.6
shows the magnetization curves of Fes04 Fe30,@SiO,,
Fe30,@SiO,@APTES and Fe304@SiO,@APTES@GIutaryl-PPa
(MFNPs) at 300K. It can be seen that these nanoparticles have
super-paramagnetic without magnetic hysteresis
phenomenon, and remanent magnetization and coercivity are
equal to zero. As shown in Fig.6, the saturation magnetization
of Fes04 is about 74.04 emu/g at 300K. After modification of
magnetic FesO4 surface by SiO, and APTES, the saturation
magnetization of Fe30,@Si0; and Fe;0,@Si0O,@APTES
decreased to 41.92 emu/g and 34.65 emu/g, respectively.
While, the saturation magnetization of MFNPs is about 17.31
emu/g, which is far less than Fe3O4 NPs due to the two coating
silica layer and PPa layer.

The dispersions of the Fe3;0.@SiO,@APTES@GIlutaryl-PPa
are given in Fig.6a, which was uniformly dispersed in water.
The solution was blackish green due to the existence of PPa
fragments. The MFNPs nanoparticles rapidly gathered on the
side wall of the cylinder under the externally applied magnetic
field, as shown in Fig.6b. The solution became clear and
transparent but still exhibited light green. These results
indicated that MFNPs have good dispersity and magnetic
response in water.

similar

Optical properties of MFNPs

Fig.7a shows the absorption spectra of PPa and MFNPs. Their
visible absorption spectra show an intense Soret band and a
shoulder Qy band at 667nm. The Soret band of PPa and MFNPs
are at 408nm and 405nm, respectively. Although the
absorption spectra of PPa and MFNPs are similar, yet due to
the influence of theFesz04 NPs, the slight blue shift of the
maximum  absorption wavelength and the obvious
increasement of the baseline in peak pattern could be
observed, indicating the presence of PPa on the magnetite
nanoparticles. Fig.7b shows the fluorescence emission spectra
of PPa and MFNPs, respectively. The obtained fluorescence
spectra of PPa and MFNPs are both symmetric after the
excitation at 420nm, and the maximum emission wavelengths
are 676nm and 672nm, respectively. The slightly blue shift may
be indicating the presence of coupled m-mt aggregates at the
surface of MFNPs. Moreover, the fluorescence intensity of
MFNPs is lower than the fluorescence intensity of PPa, which is
due to the reduction of total fluorescent substance content in
composite MFNPs nanoparticles under the same concentration.

J. Name., 2013, 00, 1-3 | 7
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The inset shows the fluorescence image of MFNPs dispersed in
water, under 365 nm UV irradiation, a tense bright-red
fluorescence was observed, which further demonstrates the
existence of PPa on the surface of the MFNPs nanoparticles,
and shows that the MFNPs has the property of
photoluminescence as well.

The spectrum of absorption and fluorescence prove that the
presence of superparamagnetic nanoparticles hardly affects
the optical properties of chlorin moieties positioned onto the
surface of magnetic composites. Only the peak pattern is little
altered. In addition, the maximum emission wavelength of
MFNPs at 672nm is sited the range of 650-690nm, which is
considered to be the useful therapeutic region in PDT due to
the deep tissue penetration of light.3* Therefore, the
spectroscopic property of MFNPs can be exploited to fabricate
nanocarriers for photodynamic therapy or medical
fluorescence imaging agent.
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Fig.7. Ultraviolet-visible absorption spectra (a) and Fluorescence
mission spectra (b) of PPa and Fe304@SiO2@APTES@Glutary-PPa,
respectively. (Inset: Fluorescence image of MFNPs) The excitation

wavelength is 365nm.

Differential thermal analysis of MFNPs
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Thermal analysis of Fe30,@SiO,@APTES@GIutary-PPa MFNPs
was performed to confirm coating formation on the surface of
Fes0,@SiO;. As shown in Fig.8, with the increase of
temperature, the weight of MFNPs gradually decreased. The
rate of weight is relatively slow owing to the loss of adsorbed
water relatively slow owing to the loss of adsorbed water and
residual water below 200°C. The first weight loss rate is 1.5%.
We can see that there are two weight loss steps in the
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of Fe3:0.@SiO.@APTES
@Glutary-PPa was performed in the range of 0~800°C.

Fig.8.Thermogravimeteric analysis (TGA)

temperature range of 200°C to 800°C. The mass loss of about
20% in the range of 200°C -485°C owing to the thermal
decomposition of PPa and glutaryl, and the maximum weight
loss is 485 °C. The second weight loss step in the range of
485 °C -800 °C, the weight loss rate is 3.5%, which is attributed
to the decomposition of the residual carbon chain and amide
bond. TGA curve shows that PPa was successfully connected to
the surface of magnetic Fes0.@SiO,@APTES by using glutarly
as a bridging group, and the total clad ratio approximately
reached 20%.

In vitro photodynamic therapy of MFNPs

Cell uptaking

Before being used as a potential anticancer agent, this
photosensitizer - conjugated MFNPs should be able to enter
cells. To test if MFNPs meets this prerequisite, cell uptaking
experiments were performed on Hela cells. That is, cells were
incubated on 6 well plates (2x10> cells per well), followed by
incubation overnight. Then added MFNPs (1mL, 60ug/mL) to
the cells, incubated for 0.5, 1 and 3h, respectively. And
subsequently analysed by fluorescence imaging. As shown in
Fig.9, the nucleus were stained with DAPI, showing blue
fluorescence. After incubated with MFNPs (1mL, 60ug/mL),
and being excited by red light (620-760nm), the cells emitted
red fluorescence, which was due to PPa signal of MFNPs. After
the DAPI-stained cells were cultured with MFNPs for 30min at
37°C, there was no obvious change in the nucleus, but the cells

This journal is © The Royal Society of Chemistry 20xx
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displayed an intense homogeneous cytoplasmic red

Fig.9. fluorescence inverted microscopic images of Hela cells after
incubation with MFNPs (1mL, 60ug/mL) at 37°C for (A) 30 min, (B) 1 h,
(C) 3 h, respectively. The nucleus was stained with DAPI (blue), the red
fluorescence was due to PPa signal of MFNPs. The corresponding cells
state were observed in bright field.

fluorescence around nucleus, a majority of nucleus were
disguised by the red fluorescent cytoplasm, showing pale
fuchsia, indicating that MFNPs had penetrated most of cell
membrane and entered into the cell. After incubated for 1h,
the nucleus still showed blue fluorescence without any change,
while the red fluorescence can be observed from almost all
cells, which were nearly identical to the phenomenon of
incubation for 3h, suggesting that MFNPs could permeate the
tumour cells quickly, this provided further evidence that
MFNPs has suitable lipo-hydro partition coefficient. These
results also agree with the ruptured out membrane of cells in
the bright field. A recently reported that the second
generation photosensitizer chlorin e6 (Ce6) conjugated Fe304
is suitable for simultaneous targeting PDT and in vivo MRI.#
Ceb- Fe3s04 NPs may form some small aggregates that can then
be internalized by cells and transferred by vesicles before they
enter into cells. Also, some nanoparticles enter lysosomes
while others array in a line. Because PPa has the same mother
nucleus structure of tetraaza [18] annulene with chlorin €6, so
we infer that the mechanism of MFNPs cell uptaking may be
similar to Fe304-Ce6. That is, the nanocarriers or their
aggregates are absorbed on the membrane due to their small
size effect, and incorporated by endocytosis vesicles through
the deformation of the membrane, and subsequently
dispersed in cytoplasm of Hela cells.*2ln summary, the
magneto-fluorescence material FesO,@SiO,@APTES@Glutary-
PPa MFNPs could enter into the cells quickly and possess
suitable lipo-hydro partition coefficient. In addition, after
being uptaken, the MFNPs showed marked light red
fluorescence in cancer cells, which demonstrated that it’s a
potential agent for medical fluorescence imaging.

Morphological changes of Hela cells after PDT

Morphological variation of cells caused by MFNPs-PDT

treatment was observed with AO/EB double fluorescent

This journal is © The Royal Society of Chemistry 20xx
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staining. In short, Hela cells were incubated with MFNPs for 6h
after irradiation for 10min, and subsequently added AO/EB
(5uL,
variation. AO dye solution can enter into normal cell and bind

100ug/mL) dye solution to observe morphological

to DNA in the nucleus, showing yellow-green fluorescence
signal. The reddish orange fluorescence signal was due to the
EB dye, which can only enter into the nucleus of necrotic cell.
As shown in Fig.10A, without PDT treatment, the yellow-green
fluorescence signal was due to AO bound to DNA of normal
cells nucleus, and could be observed from almost all cells.
More importantly, cells in Fig.10A maintained normal
appearance, after cultured for additional 6 h, yet reddish
orange fluorescence signals were found in most of the cell
nucleus in Fig.10B, and a few appeared yellow-green. It is clear
that the nucleus of early apoptotic cells showed yellow-green
fluorescence and karyopyknosis could be observed. Meanwhile,

Fig.10. MFNPs-PDT induced damage and apoptotic cell death. Hela
cells were treated without (A) and with (B) MFNPs (1mL, 50pug/mL)
with light irradiation for 5 min, and subsequently incubated at 37°C
for 6 h. Morphological variation of cells were studied using AO/EB as
NDA marker,
microscopic.

nucleus monitored by fluorescence inverted

as shown in Figure 10B, the volume increase of necrosis cell
and late apoptosis cell could be observed after cultured for 6h,
showing reddish orange fluorescence with unapparent outline.
They are becoming dissolved or near disintegration. These
combined data clearly and qualitatively indicated that MFNPs-
PDT resulted in damage and apoptotic cell death in Hela cells.

Photodynamic activities

Photodynamic therapy is a method to cure cancer specifically
through combining  of light and photosensitizer.
Photosensitizer with physiological activity is a prerequisite for
application in photodynamic therapy, which can be
determined by measuring phototoxicity of these particles. The
PDT test in this paper was divided into two groups:
experimental groups, with cells treated with different
concentrations of MFNPs and exposed to light; dark control
group keeps identical to the experimental group without
irradiation. PDT effect of MFNPs to Hela cells was detected by
MTT assay.

Fig.11 showed the photodynamic activity of the title MFNPs
against Hela cells, the light-dependent cytotoxicity on the
cancer cells was significantly different from non-irradiation
dark control in statistics, as showed in Fig.11. With the
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increase of MFNPs dose, the production of ROS gradually
increased, leading to the cell viability gradually decreased.
When the concentration of MFNPs reached to 60ug/mL, the
cells were almost death, the cell viability was reduced to
10.18% and remained stable afterwards, which may be due to
that the ROS production increased with increasing MFNPs dose,
and reached saturation at a high concentration over a period
of time. It is likely that the high concentration of MFNPs are
prone to accumulate which may cause the reduction of
reactive oxygen species. In addition, 10pug/mL of MFNPs
caused approximately 75% cell mortality, suggesting that
MFNPs has an obvious photodynamic activity. The dark control
group with MFNPs without irradiation revealed that the cell
viability was more than 88%, which further suggested that
MFNPs had very low toxicity and minimal adverse effects on
cancer cells without irradiation. These results demonstrated
that MFNPs caused effective cell death with fewer side effects.

Quenching of active oxygen on PDT (Type | and Il reactions)

In order to visualize the photochemical processes (Type | and
Type Il) mechanism of PDT, corresponding ROS of Type | and
Type Il generated from photodynamic reaction were quenched
by using specific quenching agent SA and DM, respectively. The
experiments of PDT mechanism research of PDT were divided
into four groups: 1) blank control group; 2) MFNPs-PDT group
with different concentrations of MFNPs that exposed to light;
3) MFNPs- PDT-SA group in which MFNPs were treated with SA
and exposed to light; 4) MFNPs -PDT-DM group in which
MFNPs were treated with DM and exposed to light. Precisely,
Hela cells were seeded into 96-well plates, and incubated with
different concentrations of MFNPs and SA or DM for 4h after
10min of irradiation. Fig.12 showed the influences of three
different PDT processing methods on cytotoxicity effects. The
cell viability of MFNPs-PDT-SA group and MFNPs-PDT-DM
group were obviously higher than that of MFNPs- PDT group,
suggesting that the key ROS have been quenched.
Furthermore, quenching of singlet oxygen (10;) generated by
Type Il photodynamic reaction and oxygen free radicals
(hydroxyl radicals, HR) generated by Type | photodynamic
reaction can affect apoptotic cell death induced by MFNPs-
PDT. In other words, reactive oxygen species have been
generated in Hela cells after treatment with MFNPs- PDT, and
the formation may be through two ways, that is, Type | and
Type Il photodynamic reactions occurred simultaneously. In
addition, MFNPs- PDT-SA group was slightly higher than that of
MFNPs- PDT-DM group at low concentrations (5-20pg/mL) of
MFNPs, while at higher concentrations the result was on the
contrary. We inferred that Type | reaction plays a predominant
role at low concentration of MFNPs, whereas Type Il reaction
was evoked at higher concentration. Generally, the
characteristic of Type | photodynamic reaction is that
photosensitizer could interact with any active substrate,
producing oxygen free radicals such as hydroxyl radicals (HR),
superoxide anion, hydrogen peroxide by electron transfer
process in the complex system of MFNPs photodynamic
reaction, where there is enough matter can provide some
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integral substrate for photosensitizer to complete Type |
reaction. For Type |l reaction, the production of singlet oxygen
only requires the presence of tissue oxygen. Therefore, it is
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Fig.11. Phototoxicity of the title MFNPs against Hela cells at differen
concentrations: (A) MTT viability assays with irradiation for 10 min. (B
without irradiation.
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Fig.12 The influences of MFNPs- PDT (A), MFNPs- PDT-SA (B), MFNPs-
PDT-DM (C) after PDT treatment 24 h on cytotoxicity effects of PDT,
respectively. Cell viability was determined by MTT assay.

reasonable that Type | and Type Il reactions occurred
simultaneously. In some other cases, participation of both
Type | and Type Il mechanisms have been invoked and their
relative contributions depend on the photosensitizer.*3

Conclusions

In summary, novel pyropheophorbide-a -conjugated multi-
functional magneto-fluorescence nanoparticles Fe3;0,@
SiO,@APTES@GIutaryl-Ppa (MFNPs) were designed and
developed successfully. The MFNPs have good water-dispersity,
biocompatibility, and strong superparamagnetic, good
photoluminescence property. In vitro PDT study suggested that
MFNPs mediated PDT significantly inhibited the growth of

This journal is © The Royal Society of Chemistry 20xx
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Hela cells and displayed high photodynamic therapy activity
(cell mortality reached to 89.82%). The cell uptaking tests
revealed that MFNPs could enter the cancer cell rapidly,
showing that MFNPs lipo-hydro partition
coefficient. We also demonstrated that the formation of

have suitable

reactive oxygen species in Hela cells after treatment with
MFNPs- PDT may be through two mechanisms. That is, Type |
photodynamic reactions occurred simultaneously with Type Il
photodynamic reactions. Our results indicated that MFNPs has
great potential application for simultaneous targeting PDT,
medical fluorescence imaging, biological probe and MRI.
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