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ABSTRACT: Photodynamic therapy has been efficiently
applied for cancer therapy. Here, we have fabricated the
folic acid (FA)- and pheophorbide A (PA)-conjugated FA/
PA@Fe3O4 nanoparticle (smart hybrid nanocomposite, SHN)
to enhance the photodynamic inactivation (PDI) of specific
cancer cells. SHN coated with the PDI agent is designed to
have selectivity for the folate receptor (FR) expressed on
cancer cells. Structural characteristics and morphology of the
fabricated MNPs were studied with X-ray diffraction and
scanning electron microscopy. The photophysical properties
of SHN were investigated with absorption, emission spectroscopies, and Fourier transform infrared spectroscopy. In addition,
the magnetic property of Fe3O4 nanoparticle (MNP) can be utilized for the collection of SHNs by an external magnetic field.
The photofunctionality was given by the photosensitizer, PA, which generates reactive oxygen species by irradiation of visible
light. Generation of singlet oxygen was directly evaluated with time-resolved phosphorescence spectroscopy. Biocompatibility
and cellular interaction of SHN were also analyzed by using various cancer cells, such as KB, HeLa, and MCF-7 cells which
express different levels of FR on the surface. Cellular adsorption and the PDI effect of SHN on the various cancer cells in vitro
were correlated well with the surface expression levels of FR, suggesting potential applicability of SHN on specific targeting and
PDI of FR-positive cancers.

■ INTRODUCTION
Photodynamic therapy (PDT) is an effective medical method
to treat various cancers by inducing cell necrosis and apoptosis
with reactive oxygen species (ROS).1−3 It has been considered
as a new strategy against the traditional invasive treatment for
various cancers because it is relatively noninvasive and
efficiently eradicates cancers.4,5 Since PDT was approved in
1993 to treat cancer in Canada, several countries have used
PDT as an alternative method to conventional cancer
treatments.6,7

There are several requirements for the ideal PDT. The light
absorbing agent of a photosensitizer (PS) must selectively be
localized in the tumor tissue, and the cell toxicity only emerges
with the light irradiated to destroy the cancer cells without
affecting normal cells.8 The selective localization of PS is
important to minimize the side effect on the normal cells.9

However, the lack of selective targeting of PS to cancer tissues
is one of the major obstacles for improving the efficiency of
photodynamic inactivation (PDI).10 In order to solve such a
limitation, many experiments have been performed for the

selective PDI using the photosensitizers directly conjugated
with a receptor or an antibody.11−15 Among the target-oriented
PDI reagents, photofunctional carriers conjugated with/
without targeting molecules have extensively been studied by
many researchers.16−18 A photodynamic inactivation process
using PDI reagent based on nanoparticles is usually consistent
with the general PDI process with PS. In particular, the
photosensitizing nanoparticles show more effective PDI
efficiency than the free photosensitizer molecules due to the
enhanced permeability and retention effect (EPR) in cancer
tissues.19,20

However, the photofunctional carriers conjugated with/
without targeting molecules for a specific cancer cell can be
aggregated due to the composition of a protein corona on the
surface of the carriers.21,22 The corona layer on the surface of
the carriers may also suppress the ROS generation by PDI
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reagent and decrease the cellular adsorption efficiency because
of the modification of intrinsic properties of the carrier
regarding of structure, size, shape, and surface polarity.23−25

Among the intrinsic properties of the carrier, the surface
polarity and the size uniformity might be major determinants
for the efficiency of photodynamic therapy since these
properties can affect the interaction of the carriers with
specific cancer cells.26−28 Therefore, to develop efficient target-
oriented photodynamic reagents, PDI reagents have to be
designed and fabricated with consideration of ROS generation
efficiency, cytotoxicity, the stability of surface polarity, and size
uniformity.
In this study, we report the therapeutic possibility of a smart

hybrid nanocomposite (SHN) for folate-receptor-positive
cancer cells. The Fe3O4 nanoparticle (MNP) utilized in this
study was widely used in a biomedical field due to low
cytotoxicity, good biocompatibility, uniform dispersion prop-
erty, and stability in a biological environment.29−32 For the
photoinduced and targeting functionalization of MNP, PA and
FA were covalently bonded to the surface of MNP by the
esterification reaction in this study. Additionally, the selective
adsorption and cytotoxicity of SHN against FR-positive cancer
cells were evaluated in vitro.

■ EXPERIMENTAL METHODS
Fabrication of Smart Hybrid Nanoparticle (SHN).

MNPs were prepared using the solvothermal reduction
method as described previously.33 MNPs were dispersed in
THF (Merck, HPLC grade) containing PA (10 mL, 5 × 10−5

M, Frontier Scientific, 95%) and then agitated (200 rpm) at
room temperature for 24 h to fabricate SHNs by a wet
chemical process. After the reaction, the products were washed
with THF solvent five times to remove the residual PA and
then dried at 60 °C. After 6 h, the PA-conjugated MNPs were
added to a DMSO (Merck, HPLC grade) solution containing
FA (10 mL, 4.36 × 10−6 M, Sigma-Aldrich, 97%). It was
agitated at room temperature for 24 h under dark conditions.
Finally, the mixture was placed on a magnet to remove the
unreacted FA. FA-conjugated PA@MNPs were then washed
with the DMSO solution three times.
Characterization of Smart Hybrid Nanoparticles

(SHNs). Field emission scanning electron microscopy (FE-
SEM, 7800F, JEOL) was used for the characterization of MNP
morphology.34 The crystallographic structure of MNP was
confirmed with an X-ray diffractometer (XRD, Ultima IV,
Rigaku) working on Cu Kα radiation.35 To study the
photophysical properties of SHNs, an FT-IR (Vertex 70), a
UV−vis spectrophotometer (U-2900, Hitachi), and a spectro-
fluorometer (F-2500, Hitachi) were utilized.34 The singlet
oxygen generation from SHNs was confirmed with the time-
resolved spectroscopic method. The nanosecond Nd:YAG
(surelite II-10, Continuum) pumped optical parametric
oscillator laser (OPO plus, Continuum) was used for the
excitation source (λex = 668 nm).34 The near-infrared
photomultiplier tube (NIR-PMT, H10330A; Hamamatsu)
and monochromator (DMC1-05, Optometrics) were utilized
to detect the time-resolved singlet oxygen phosphorescence
signal. To avoid light scattering from SHNs, the cutoff (<1000
nm; CVI) and the interference filters (1270 nm, Spectrogon)
were both placed before the entrance slit of the mono-
chromator.35 The photoluminescence signals were amplified
and acquired by an amplifier (SR445A, Stanford Research
Systems) and a digital oscilloscope (DS07052A, Agilent

Technology). After incubating SHNs in Dulbecco’s Modified
Eagle Medium (DMEM, Welgene) containing 10% fetal
bovine serum (FBS) solution for 24 h at 37 °C, zeta potential
and hydrodynamic diameter of SHNs were measured with a
zeta potential analyzer (NanoZS, Malvern) and a DLS analyzer
(ELS-1000ZS, Otsuka), respectively.36,37

Biological Assays. The FR-positive (KB and HeLa) and
FR-negative (MCF-7) cells were purchased from American
Type Culture Collection (ATCC). Mouse embryonic fibro-
blasts (MEF) were prepared from embryos at E13.5 as
described previously38 and used as primary control cells. The
cells were cultured and maintained in complete DMEM
supplemented with 10% heat-inactivated FBS in humidified 5%
CO2 atmosphere at 37 °C.39 Expression of folate receptor on
the cell surface was analyzed by flow cytometry after staining
with mouse antifolate receptor antibody and Alexa488 goat
anti-mouse IgG (Abcam).40 KB, HeLa, and MCF-7 cells (1 ×
105 cells/mL) were incubated with 1 mL of DMEM
supplemented with 10% FBS and SHNs, PA@MNP, or PA
for 1 h at 37 °C under dark condition. Cells were then washed
with ice-cold PBS supplemented with 1% bovine serum
albumin (MP Biomedicals) and 1 mM EDTA (Sigma-Aldrich)
three times.41 The efficiency of MNP or PA uptake to cells was
measured by flow cytometry (BD, FACS Canto II) right after
incubation, and the data were analyzed by Flowjo 10.6.0
software. Cytotoxicity of SHN on various cells was evaluated
by using an MTT assay kit (Sigma-Aldrich) according to the
manufacturer’s instruction. For the photodynamic tumoricidal
activity assay in vitro, a light-emitting diode (LED; λmax= 658
nm, full-width at half-maximum = 70 nm, 6.6 mW/cm2) was
utilized as an irradiation light source with a cutoff filter (<400
nm; CVI) for blocking the residual UV light from the LED. A
total power output of the irradiation was measured using a
laser power meter (THORLABS, PM200). Experiments of
photodynamic tumoricidal activity were performed with
various concentrations of PA and PA@ Fe3O4 to compare
with the efficacy of SHN. The number of PA molecules
bonded to the surface of Fe3O4 nanoparticles was estimated
using UV−vis absorption spectroscopy. Absorption optical
densities (ODs) at 668 nm were measured with the initial PA/
THF solution (5.0 × 10−5 M) before the addition of magnetic
particles for reaction and also with the PA/THF solution that
remained after reaction with the particles. The OD difference
between the initial and the remaining PA/THF solutions
indicated that ∼8.0 × 10−8 mol (equivalent to 4.8 × 1016

molecules) of PA was immobilized onto the surface of 10 mg
of Fe3O4. Therefore, the number of PA molecules bonded to
the surface of the magnetic particles at 25, 50, 100, and 200
μg/mL of SHN was equivalent to the number of PA molecules
in the liquid solution at concentrations of 0.2, 0.4, 0.8, and 1.6
μM, respectively. The cells treated with MNP or PA were
exposed to the LED light for 10 min and then incubated at 37
°C for 24 h in a dark humidified incubator. After the
incubation, the viability of cells was assessed by MTT
assay.42,43

Statistical Analysis. The data were analyzed using Graph
Pad Prism 5.01 software (GraphPad Software). Statistical
analysis was performed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test. Data
are expressed as the mean ± standard deviation. A p-value of
<0.05 was considered statistically significant.
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■ RESULTS AND DISCUSSION
The fabricated MNPs revealed good size uniformity as shown
in Figure 1A. The size distribution of MNPs was evaluated by
400 particles in different fields of the SEM images. The average
diameter of MNPs is 110 ± 23 nm. The powder XRD pattern
of the MNPs provides more detailed structural information as
shown in Figure 1B. The strong Bragg peaks (2θ = 30.0°,
35.6°, 43.3°, 53.7°, 57.0°, 62.8°) are marked by their Miller
indices ((220), (311), (400), (422), (511), and (440)).44 It
was well-correlated to the standard Fe3O4 powder diffraction
data (JCPDS 19-0629). This also shows that the magnetite
crystal structure of the fabricated MNPs is a cubic inverse
spinel.44

FT-IR spectra of FA, FA@MNPs, PA, and SHNs were
compared to understand the bonding nature of PA and FA to
the surface of the MNPs (Figure 2). IR spectrum of the pure

FA shows the absorption peaks at 1695, 1606, and 1193 cm−1.
These peaks originated with the stretching modes of the free
carbonyl double bond (νC=O), the carbon−oxygen single bond
(νC−O), and the OH deformation (νC−OH), respectively.45

Therefore, these peaks suggest that FA has the protonated
carboxyl groups (COOH). In addition, the peaks at 1541 and
1417 cm−1 in the IR spectrum of the FA bonded to the surface
of MNPs can be assigned to the asymmetric (νas) and the
symmetric (νs) stretch vibrations modes of the carboxylate

group, respectively.45,46 This implies that the carboxyl group is
conjugated to the Fe ion of MNP as mentioned in a previous
study.47 The FT-IR spectrum of the pure PA shows the
absorption peaks at 1693 and 1737 cm−1, which correspond to
the stretching vibration modes of the free carbonyl double
bond (υC=O). These peaks disappeared after the conjugation of
PA to the surface of MNPs. Moreover, the new absorption
peaks appear at 1544 and 1411 cm−1, potentially due to the
coordination of Fe ions on MNP by carboxylic acids of PA as
reported in a previous study.48

In Figure 3A, the spectrum of PA in THF solution shows
one B band (410 nm) and four Q bands (504, 534, 608, and
666 nm). The absorption spectrum of SHNs in THF solution
also includes the B and Q bands at the same wavelength. The
emission peaks of SHNs in THF solution at 675 and 725 nm
are similar to those of PA in THF solution at the excitation of
410 nm, as shown in Figure 3B. This may imply that the
photophysical properties of PA are not significantly altered by
the bonding of PA and MNP.48 The time-resolved singlet
oxygen phosphorescence signals were measured in THF
solution at the detection wavelength of 1270 nm and shown
in Figure 3C,D. Singlet oxygen phosphorescence signals from
the samples are fitted with a single exponential decay function,
resulting in the similar singlet oxygen lifetimes of 21.7 and 22.1
μs for PA and SHN, respectively. The lifetimes correspond well
to the results observed in the previous studies.49−53 This
further suggests that the singlet oxygen generated from SHNs
has not been influenced by either MNP or the FA and PA
molecules conjugated on the surface of MNP.
In order to assess the biocompatibility of the synthetic

SHNs, various cancer cells including KB, HeLa, and MCF-7
cells were incubated with different amounts of SHNs in
DMEM containing 10% FBS under the dark condition. We
also included a primary cell, MEF, as a noncancerous control
(Figure 4A). SHN itself was barely toxic to the cancer cell
types in the concentration range 0−200 μg/mL. On the other
hand, SHN was slightly toxic to MEFs and reduced the
viability by ∼20% at the high concentration (>100 μg/mL).
These results suggested that optimization of SHN concen-
tration is required for in vivo application to minimize the side
effect of SHN. Nevertheless, the surface polarity of SHNs was
constant in the DMEM containing 10% FBS for 24 h as shown
in Figure 4B. To check the size stability of SHNs in the
DMEM containing 10% FBS, hydrodynamic diameters of
SHNs were measured with DLS analyzer. Figure 4C shows that
there has been no significant size change of SHNs although the
size of SHNs was initially increased to near 200 nm. The initial

Figure 1. (A) Particle size distribution of MNPs and scanning electron microscope (SEM) image (inset) and (B) X-ray diffraction (XRD) pattern
of MNPs.

Figure 2. FT-IR spectra of (A) FA, (B) FA@MNPs, (C) PA, and (D)
SHNs.
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Figure 3. (A) Steady-state absorption and (B) emission spectra of PA molecules and SHNs in THF. The excitation wavelength is 410 nm for the
emission spectra. Singlet oxygen phosphorescence decay signals from (C) PA and (D) SHNs in THF solution. The signals were detected at 1270
nm and fitted with a single exponential decay function (solid line).

Figure 4. (A) Toxicity test of SHNs on MEF, KB, HeLa, and MCF-7 cells. (B) Polarity and (C) hydrodynamic diameter of SHNs in DMEM
containing 10% FBS solution. All experiments were repeated three times, and data were represented as means ± SD. ***p < 0.001 for one-way
ANOVA.
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size increase of SHNs can be possibly due to the hard protein
corona formed on the surface of SHN.50,51

KB, HeLa, and MCF-7 cells were used to check the
selectivity of SHN for the PDI effect. The expression level of
folate receptor on the surface of KB, HeLa, and MCF-7 cells
was analyzed by flow cytometry. As in Figure 5A, KB cells
express the highest level of FRs on the surface, whereas the
expression of FRs on MCF-7 cells was not significant.52 The
more efficient uptake of SHNs to KB cells is observed
compared with HeLa and MCF-7 cell as shown in Figure 5B
and in Supporting Information Figure 1, which correlated well
with the expression levels of FRs on the surface of cancer cell
types. Moreover, the uptake amount of SHNs to KB and HeLa
cells linearly increases, depending on the concentration of the

incubated SHNs. This suggests that SHN can be applied for
the targeting and the sensing of specific cancer cell types with
high levels of FRs. Consistently, cellular viabilities of FR-
positive KB and HeLa cells after photodynamic treatment
significantly decreased as the concentration of incubated SHNs
was increased, whereas those of FR-negative MCF-7 cells were
not significantly changed (Figure 5C). These results clearly
suggest that PDI efficiency by SHN is dependent on the
expression levels of FRs on cancer cells.
Finally, in order to confirm the selective PDI effect by

SHNs, KB cells were incubated with free PA molecules, PA@
Fe3O4, and SHNs and exposed to LED light for the PDI effect
after washing the cells to remove the nonadsorbed molecules.
As shown in Figure 6, SHNs were more efficiently adsorbed by

Figure 5. (A) Relative levels of FR expressed on the surface of indicated cancer cells assessed by flow cytometry. Mean fluorescence intensity
(MFI) of each cell type incubated with isotype control antibody (gray bar) was set as 100% (B) Relative levels of cellular adsorption of SHNs by
indicated cancer cells. MFI (>600 nm, based on PA emission spectra) emitted by KB cells incubated with 200 μg/mL of MNPs was set as 100%,
and the relative MFIs from cells treated with the indicated conditions were compared. (C) Photodynamic inactivation efficiencies on indicated
cancer cells depending on the concentration of incubated SHNs as assessed by cellular viability. All experiments were repeated three times.

Figure 6. (A) Relative levels of cellular adsorption of free PA, PA@Fe3O4, or SHNs by KB cells. MFI (>600 nm, based on PA emission spectra)
emitted by KB cells incubated with 200 μg/mL of MNPs was set as 100%, and the relative MFIs from cells treated with the indicated conditions
were compared. (B) Photodynamic inactivation efficiencies of KB cells depending on the concentration of PA, PA@Fe3O4, or SHNs incubated. All
experiments were repeated three times.
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KB cells than PA or PA@Fe3O4, and the PDI efficiency was
more dramatically enhanced by SHNs in a concentration-
dependent manner. In the case of PA@Fe3O4, the viability of
the KB cell was also moderately decreased depending on the
increasing concentration of PA@Fe3O4. This result might be
due to nonspecific adsorption of PA@Fe3O4 by KB cells as
reported previously.54−56

■ CONCLUSIONS
For the selective PDI treatment of FR-positive cancer cells, we
have designed and fabricated target-oriented MNPs coated
with PA as photosensitizer and FA as FR-targeting ligand. This
shows low cytoxicity and endurable stability in cell culture
media without loss of the original functionality of generating
ROS and targeting the FR-positive cancer cell type. Moreover,
the self-quenching effect of singlet oxygen generated by SHNs
was negligible. PDI treatment of various cancer cell types
including KB, HeLa, and MCF-7 cells with SHNs showed that
KB cells with the highest level of FR expression on the surface
were most efficiently killed by PDI at a lower dosage range of
SHNs than others, suggesting an FR-dependent targeting by
SHNs. Therefore, SHNs can be utilized as a magnetic PDI
reagent for the selective treatment against FR-positive cancers.
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