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The preparation of the luminescent hydroxyapatite (HAP)-loaded biocompatible nanoparticles (NPs) for targeted imag-
ing of cancer cells is described. Currently, cellular imaging using fluorescent probes is an important technique for the
early diagnosis of cancer. Compared with the quantum dots, luminescent HAP is a new fluorescent material with many
advantages such as low toxicity, biocompatibility, thermal stability, resistance to erosion, and low prices. Thus, lumines-
cent HAP has enormous potential to be used as biological fluorescent probes. However, luminescent HAP is water-
insoluble, low sensitivity, which limit its application in the field of cellular imaging. Surface modification of NPs with
targeting molecule was carried out to achieve its target function. Thus, novel fluorescent NPs with low toxicity, high
sensitivity, and good photostability were prepared to be used for targeted imaging of cancer cells. This study initially
explored the applications of luminescent HAP in the field of targeted cellular imaging. This NPs platform will be a
promising tool for molecular imaging and medical diagnostics, especially the detection of cancer at its early stage.
© 2013 American Institute of Chemical Engineers AIChE J, 59: 4494-4501, 2013
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Technology of cellular imaging can intuitively characterize
normal and pathological changes in organisms at the cellular
and molecular level. Therefore, this technology can be used
for dynamic monitoring some of the key single-molecule
events and cancer metastasis in the process of tumor occur-
rence and development, and reveals cancer occurrence,
development, and transfer mechanisms. Thus, cellular imag-
ing is expected to provide a more effective tool for the early
diagnosis of cancer, carcinogenic mechanisms, and evalua-
tion of treatment on cancer.”

Quantum dots (QDs) are received more concern as lumi-

Introduction

As a report from the American Cancer Society, cancer is a
major public health problem in the world. According to a
report from American Cancer Society, a total of 1,638,910
new cancer cases and 577,190 deaths will be due to cancer
in the United States in 2012. During past decades, the devel-
opment of nanoparticles (NPs), which provided exciting pos-
sibilities in biomedical fields, received much attention from
researchers. It was reported that global market related with
the applications of nanotechnology in the medical field could

increase to about $70-160 billion by 2015."'

To efficiently prevent and treat cancer, it is crucial to
develop new technologies to realize early investigation, early
diagnosis, and consequent early treatment about cancer.

Correspondence concerning this article should be addressed to J. Gong at
jlgong@tju.edu.cn.
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nescence probes in the fields of cellular imaging recent deca-
des. In comparison to conventional dyes, QDs show various
and unique advantages in optical and chemical properties
such as tunable emission from visible to infrared wave-
lengths by changing their size and composition, broader
excitation spectra due to high absorption coefficients, high-
quantum Yyield of fluorescence, strong brightness, photostabil-
ity, and high resistance to photobleaching.> These unique
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Figure 1. Detailed scheme about preparation of Eu-HAP-loaded NPs with folate decoration for cellular imaging.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

properties of QDs have attracted tremendous interest in
exploiting them in a variety of biological field. But toxic
effects of QDs, which result from oxidative degradation of
the heavy metal components in QDs, limit their applications
in the fields of biology and medicine.”® Although some lit-
eratures in recent years reported that the toxicity of QDs can
be decreased to some extent through surface modification or
encapsulated in biodegradable nanospheres,9’14 the toxic
problem of QDs is still not fundamentally solved. Therefore,
it is urgent to found a new fluorescent material with low tox-
icity, high biocompatible, strong fluorescent intensity, and
steady luminescent property to replace with QDs.
Hydroxyapatite (HAP) is the main inorganic component of
bones and teeth of humans and animals, and it has good bio-
compatibility, and highly stable in vivo.">”'” Because HAP
itself does not have the fluorescent property, the development
of luminescent HAP is a key issue for applications of HAP in
cellular imaging. Wang et al. successfully prepared lumines-
cent Eu3+—doped HAP (Eu-HAP), which promotes the pros-
pect of Eu-HAP used in cellular imaging. Compared to a
conventional organic fluorescent dyes and QDs, Eu-HAP
show many merits such as low toxicity, high fluorescent inten-
sity, high photostability, biocompatibility, anticorrosion, and a
low price.'” These luminescent HAPs as fluorescent probes
have been successfully applied in cellular imaging.lg’19 There-
fore, Eu-HAP as a new type of fluorescent material has as a
great potential to be applied as biological fluorescent probe.
However, the Eu-HAPs have several defects such as insuf-
ficient water solubility and low sensitivity and so on, which
limit their application in the field of cellular imaging. These
limitations can be solved through encapsulation of Eu-HAP
in biocompatible polymer (such as Poly(D,L-lactide-co-gly-
colide), PLGA) NPs with targeting molecule (such as folate).
Folic acid (folate) is an attractive target ligand because of its
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high binding affinity for the folate receptors (Kg ~ 10~ '°
M).2%2! Folate and its conjugates have been widely used for
selective delivery of anticancer agents to cells with folate
receptor, which are overexpressed in many kinds of human
cancer cells such as ovarian, breast, and prostate cancers
while only minimally distributed in normal tissues.”>2¢

In this study, Eu-HAP-loaded PLGA NPs with folate dec-
oration were prepared to enable Eu-HAP water-soluble,
increase biocompatibility and stability of Eu-HAP and
improve imaging specificity, sensitivity of cancer cells
through selective delivery of Eu-HAP to appropriate tumor
cell lines. This NPs platform will promote revolution of cel-
lular imaging and medical diagnostics, especially the cancer
detection at its early stage. The detailed scheme for the
preparation of folate-decorated (FD) Eu-HAP-loaded NPs for
cellular imaging is shown in Figure 1.

Materials and Methods
Materials

Eu-HAP was synthesized according to the literature.'” Pol-
y(p,L-lactide—co—glycolide) (50/50) with terminal carboxylate
groups (PLGA MW: 38,000-54,000), 3-(4,5-dimethylthiazol-
2-yl)—2,5-diphenyl tetrazolium bromide (MTT), penicillin-
streptomycin solution, Trypsin-EDTA solution, N,N'-dicyclo-
hexylcarbodiimide (DCC), 4-dimethylamino pyridine, 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), glutaric acid, folic
acid, pyridine, and poly(vinyl alcohol) (PVA) (MW: 30,000—
70,000) were purchased from Sigma-Aldrich (St. Louis,
MO). Fetal bovine serum (FBS) was purchased from Gibco
(Life Technologies AG, Switzerland). Roswell Park Memo-
rial Institute (RPMI) 1640 medium without folic acid was
from Invitrogen Corporation. Millipore water was produced
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by the Milli-Q Plus System (Millipore Corporation, Bedford,
MA). MCF-7 breast cancer cells were provided by American
Type Culture Collection.

Fabrication of NPs

The Eu-HAP-loaded NPs were prepared by a modified sol-
vent extraction/evaporation single-emulsion method. In a
brief, 0.5 mg Eu-HAP and 50 mg PLGA were dissolved in 4
mL dichloromethane (DCM), and then this solution was
poured gradually into 60 mL aqueous phase containing 0.5 %
(w/v) PVA as emulsifier under gentle stirring. Next, the mix-
ture was sonicated for 120 s at 25 W output. The resultant
emulsion was stirred overnight at room-temperature to evapo-
rate organic solvent (DCM). The suspension of resulting NPS
was centrifuged at 10,500 rpm for 15 min to obtain the NPs in
the pellet. After the NPs were washed twice with deionized
(DI) water, the NPs powder was further obtained after freeze-
drying for 2 days. The same procedure as for the preparation
of Eu-HAP NPs was exploited to design pure Eu-HAP NPs
without the PLGA matrix, a DCM solution (1 mL) containing
0.5 mg of Eu-HAP was poured into 60 mL of PVA aqueous
solution.

Formulation of Eu-HAP-loaded NPs with
folate-decoration

The amination of folic acid (folate) was first synthesized
following the procedure in the literature.”” Briefly, folic acid
was reacted with DCC and NHS in DMSO at stoichiometric
molar ratio of folic acid/DCC/NHS = 1/1.2/2 for 6 h at
50°C. This activates the folic acid was allowed to react with
ethylene diamine with pyridine as catalyst. Excess acetoni-
trile was added to precipitate out folate-NH,, and was col-
lected by vacuum filtration.

The Eu-HAP-loaded NPs with folate-decoration were pre-
pared as follows: 10 mg NPs were resuspended in 5 mL DI
water to give a concentration of 2 mg/mL and placed in an
ultrasonic bath to disperse the NPs. After addition of EDC
(0.32 mg) and NHS (0.36 mg), the surface carboxyl groups of
Eu-HAP-loaded PLGA NPs were activated for 2.5 h at room-
temperature. Borate buffer (5 mL, 0.2 M, pH = 8.5) was then
added to the suspension, which was followed by the addition
of 0.ImL of aminated folic acid (0.1 M) in DMSO solution.
After the reaction was allowed to take place for 4 h at room-
temperature, the mixture was then washed and centrifuged
with DMSO and DI water to remove unreacted folate-NH,.
The eventual NPs product obtained was collected by freeze-
drying.

Characterization of NPs

Particle Size and Size Distribution. Average particle size
and size distribution of the Eu-HAP-loaded NPs with or
without folate-decoration were measured using laser light
scattering (LLS, 90 Plus Particle Size, Brookhaven Instru-
ments, USA). The NPs were diluted with DI water and soni-
cated for 2 min before measurement. The homogeneous
suspension was used to determine the volume mean diame-
ter, size distribution, and polydispersity.

Surface Charge. Zeta potential of NPs was determined
with ZetaPlus zeta potential analyzer (Brookhaven Instru-
ments Corporation) at room-temperature. The samples were
prepared by diluting the NPs suspension with DI water.

Surface Morphology. The shape and surface morphology
of NPs were studied with transmission electron microscope
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(TEM, JEM-2010F, JEOL, Japan). NPs suspension was
dropped on the surface of copper grid with carbon film and
dried at room-temperature.

Emission Spectrum. Suspension solutions of NPs were
placed into a quartz cuvette. Emission spectrum was
recorded with spectrofluorophotometer (RF-5301PC, SHI-
MADZU, Japan) at excitation 405 nm.

Eu-HAP Encapsulation and Loading Efficiency. The
encapsulation efficiency of the Eu-HAP in the NPs was
investigated with spectrofluorophotometer (RF-5301PC, SHI-
MADZU, Japan). In a brief, 1 mL suspension solution of
NPs was freeze-dried, and then redissolved in 1 mL DCM
for the emission analysis. The emission at 516 nm under
excitation at 405 nm was measured to determine the Eu-
HAP content in the solution with a previously established
calibration curve.

Eu-HAP Encapsulation Efficiency (%)

Encapsulated amount of Eu-HAP in NPs

= X 100%
Total amount of Eu-HAP added in the process v

Cell line experiment

Cell Cultures. MCEF-7 breast cancer cells and NIH 3T3
fibroblasts were cultured in folate-free RPMI 1640 medium
supplemented with 10% FBS and 1% antibiotics. Cells were
cultivated in medium at 37°C in humidified environment of
5% CO,. Before the in vitro experiments, the cells were pre-
cultured until confluence was reached.

In Vitro Cellular Uptake of NPs. To evaluate the target-
ing efficacy of Eu-HAP loaded NPs with or without folate dec-
oration, the in vitro cellular uptake of NPs were carried out.

For qualitative study, MCF-7 cells were cultured in cham-
ber (LAB-TEK, Chambered Coverglass System) at 37 °C.
After 80% confluence, the medium was removed, and the
adherent cells were washed twice with PBS buffer. And 0.6
mL of Eu-HAP-loaded NPs with or without folate decoration
diluted in the medium at 3.1 pg/mL Eu-HAP concentration
was added into the chamber. After incubation for 2.5 and 4
h, the cells were washed four times with PBS. Next, they
were fixed by 75% ethanol for 15 min. The cells were
washed twice with PBS and observed using confocal laser
scanning microscopy (CLSM; Zeiss LSM 410, Jena, Ger-
many). The images of the Eu-HAP were recorded with red
channel (excitation at 405 nm).

For quantitative study, MCF-7 were seeded into 96-well
black plates (Costar, IL) at 1 X 10* cells/well. After cells
reached 80% confluence, the medium was changed with sus-
pension of the Eu-HAP-loaded NPs with or without folate
decoration in folate-free RPMI 1640 medium at 6.2 pg/mL
Eu-HAP concentration. After incubation for 2.5 and 4 h, the
NPs suspension was removed, and the wells were washed
with 50 pL of PBS for three times to remove traces of NPs.
Furthermore, 100 pL of fresh medium was then added to
each sample well followed by addition of 50 pL of 0.5%
Trition X-100 in 0.2 N NaOH to lyse the cells. The fluores-
cence intensity of each sample well was determined with
microplate reader (Genios, Tecan, Mannedorf, Switzerland)
with excitation wavelength at 405 nm and emission wave-
length at 516 nm. The cellular uptake efficiency was
expressed as the percentage of sample well fluorescence vs.
that of the positive control solution.

In vitro Cytotoxicity of Eu-HAP-Loaded NPs. To investi-
gate the cytotoxicity of Eu-HAP-loaded NPs, MTT assay
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Table 1. Characteristics of Eu-HAP-Loaded NPs With or Without Folate Decoration at Various Blend Ratio (n = 6)

NPs Particle Size (nm) Polydispersity EE (%) Zeta Potential (mV)
NPs without folate decoration 250.2 = 8.6 0.137 = 0.051 46.8 —224+22
NPs with folate decoration 253.5*+6.1 0.121 = 0.025 45.1 —20.1+1.6

were exploited. NIH 3T3 fibroblast cells were incubated in
96-well plates (Nunc, Roskilde, Danmark) at an intensity of
40,000 cells/mL. After 48 h seeding, the old medium was
replaced with Eu-HAP-loaded NPs or pure Eu-HAP NPs
containing medium at Eu-HAP concentration of 0.0032,
0.032, 0.32, and 3.2 pg/mL. At designated time intervals
(12, 24, and 48 h), cell viability were determined with MTT
assay. After 4 h incubation with MTT supplemented with 90
pL culture medium, the medium was removed and the purple
crystals were dissolved with isopropanol. The fluorescence
intensity of the cells was measured using the microplate
reader (Genios, Tecan, Ménnedorf, Switzerland). The absorb-
ance wavelength was set at 570 nm and background wave-
length at 660 nm. Cell viability was calculated using the
following equation.

Intg

Cell viability (%) = X100

Nicontrol

Where Intg is the fluorescence intensity of the cells incu-
bated with the NPs suspension and Int.qnyo is the fluores-
cence intensity of the cells incubated with the culture
medium only.

Results and Discussion

Characterization of Eu-HAP-loaded NPs with folate
decoration

Size Distribution. Table 1 show the size and the size dis-
tribution of Eu-HAP-loaded NPs with or without folate deco-
ration measured using LLS. The average diameter of
fabricated NPs with folate decoration ranged between 247
and 260 nm. It is noticed in the Table 1 that there is no sig-
nificant change in the size of NPs with or without folate.

Surface Charge. The value of zeta potential is crucial
for maintaining the colloidal stability of NPs suspension.
NPs with higher electric charge on their surface demonstrate
good colloidal stability in solution due to enhanced electro-
static repulsion among particles.28 As shown in Table 1, the
Eu-HAP-loaded NPs with folate decoration were ~—20.1
mV, which indicate fabricated NPs are stable in suspension.

Surface Morphology. Figure 2 show TEM image of Eu-
HAP-loaded NPs with folate decoration, it can be seen that
the NPs are dispersed as individual NPs with a well-defined
spherical shape and homogeneously distributed around 200
nm in diameter (Figures 2A, B). And also it can be observed
that several Eu-HAPs (seen as dark bar, ~100 nm) were
encapsulated completely in interior of one PLGA NPs (seen
as brighter circle, ~200 nm). Furthermore, no aggregation
was observed, and the incorporation of Eu-HAP into NPs
did not seem to cause morphological changes. Moreover, it
was found that the particle size (~200 nm) observed from
TEM images is small in comparison with that (~250 nm)
determined by LLS, which is maybe due to the shrinkage of
the polymeric NPs during the sample preparation in vac-
uum.”’ HRTEM image taken from single sphere indicates
that the encapsulated Eu-HAP nanocrystals are still highly
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crystalline (Figures 2C, D). Elemental mapping show the
even distribution of the main elements in the spheres
(Figure 3).

Emission Spectra. The emission spectrum of the Eu-
HAP-loaded NPs with or without folate decoration in water
and Eu-HAP in DCM were demonstrated in Figure 4. From
this figure, it can be seen that there is almost no different the
full width at half-maximum for Eu-HAP-loaded NPs with or
without folate decoration in water and Eu-HAP in DCM, and
only small shift of peak appeared (emission peak at 516 nm
for Eu-HAP-loaded NPs with folate decoration in water, 519
nm for Eu-HAP in DCM, and 520 nm Eu-HAP-loaded NPs
in water, respectively), which confirm that the process of
preparing NPs and following folate decoration did not effect
on the fluorescent properties of Eu-HAP.

Eu-HAP Encapsulation Efficiency. As shown in Table 1,
the Eu-HAP encapsulation efficiency in the PLGA NPs with
folate decoration is 45.1%, which confirmed that developed
NPs in this study demonstrated high loading capacity for Eu-
HAP. This high payload of Eu-HAP in NPs benefits to
enhance the capability of the NPs to produce bright fluores-
cence in a biological field.

In Vitro Cellular Uptake of NPs. CLSM was used to
investigate cellular uptake efficiency of MCF-7 cells treated
with NPs, which can evaluate the application of NPs for cel-
lular imaging. Figure 5 demonstrated the CLSM images of
MCEF-7 cells treated with (A) Eu-HAP-loaded NPs without
folate decoration, (B) Eu-HAP-loaded NPs with folate deco-
ration after 2.5 h incubation; and (C) Eu-HAP-loaded NPs
without folate decoration (D) Eu-HAP-loaded NPs with
folate decoration after 4 h incubation at 3.1 pg/mL Eu-HAP
concentration at 37°C. Here, CLSM images were obtained
under the excitation at 405 nm, and red channel shows the
fluorescence images of Eu-HAP.

As shown in CLSM images, the fluorescence of FD
NPs in the cells (Column 2) are much brighter than that
of the NPs without folate decoration (Column 1), which
demonstrated that the FD NPs demonstrated higher cellular
uptake efficiency by MCF-7 cancer cells than that of NPs
without folate decoration at same incubation time (2.5 and
4 h) and Eu-HAP’s concentration. Perhaps, this phenom-
enon is due to a high level of folate receptor on the sur-
face of MCF-7 breast cancer cells, which can be targeted
by FD NPs. Consequently, more FD NPs were internalized
by MCF-7 cancer cells via folate receptor-medicated endo-
cytosis than NPs without folate decoration. These findings
prove strongly that FD NPs can be used efficiently for tar-
geted cellular imaging.

The experiments on quantitative cellular uptake of NPs by
MCEF-7 cancer cells were also performed to further confirm
the targeting effect of FD NPs. In Figure 6, FD NPs
expressed 1.27- and 1.39-fold higher cellular uptake effi-
ciency than NPs without folate decoration after 2.5 and 4.0-h
incubation with MCEF-7 cells, respectively, because the
MCEF-7 cancer cells have overexpression of folate receptors
on their surface. The results in Figure 6 matched completely
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20 nm

Figure 2. (A and B) TEM image of Eu-HAP-loaded NPs with folate decoration; (C) HRTEM images of a single Eu-
HAP polymer NP; (D) enlarged HRTEM image of the square part in Fig. 2C.

STEM HAADEF Detecter

Figure 3. Elemental mapping of a single-Eu-HAP polymer NP showing the coexistence of F, P Ca, and Eu ele-
ments.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Emission spectrum of Eu-HAP in DCM and loaded NPs with or without folate decoration
Eu-HAP-loaded NPs with or without folate in medium at the Eu-HAP concentration of
decoration in water at excitation 405 nm. 6.2 ng/mL for 2.5 and 4.0 h, respectively
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.] [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Non-FD NPs

Non-FD NPs

Figure 5. Confocal laser scanning microscopy of MCF-7 cells treated with (A) Eu-HAP-loaded NPs without folate
decoration, (B) Eu-HAP-loaded NPs with folate decoration after 2.5-h incubation; and (C) Eu-HAP-loaded
NPs without folate decoration (D) Eu-HAP-loaded NPs with folate decoration after 4-h incubation at 3.1-
ug/mL Eu-HAP concentration at 37°C.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. In vitro viability of NIH 3T3 cells treated with pure Eu-HAP NPs, Eu-HAP-loaded NPs without folate deco-
ration at the different Eu-HAP concentration after 12, 24, and 48-h culture (n = 6).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

with that in Figure 5, which further illustrates the function of
targeted cellular imaging with FD NPs. For FD NPs, the
folate receptor-medicated endocytosis can facilitates the cel-
lular uptake, resulting in higher uptake efficiency.

In Vitro Cytotoxicity of Eu-HAP NPs. It was reported
that the release of cadmium surface atoms due to surface
oxidation of the QDs can lead to the cytotoxicity of QDs,
which limit the application of QDs in the biological field.”
Therefore, it is expected to develop new fluorescent material
with less or even no toxicity such as Eu-HAP to replace
with QDs. Because Eu-HAP is water-insoluble, encapsula-
tion of Eu-HAP into PLGA NPs can enable Eu-HAP water-
soluble. Furthermore, although Eu-HAP NPs has no toxicity,
the encapsulation of Eu-HAP into PLGA NPs can further
enhance the biocompatibility of Eu-HAP.

To evaluate the cytotoxicity of Eu-HAP NPs, the viabil-
ity of NIH/3T3 fibroblast cells treated with Eu-HAP-loaded
NPs and free Eu-HAP was investigated. Figure 7 illustrates
the viability of NIH 3T3 treated with pure Eu-HAP NPs,
Eu-HAP-loaded NPs at 0.0032, 0.032, 0.32, and 3.2 pg/mL
Eu-HAP concentration after 12, 24, and 48-h culture.
The cell viability for Eu-HAP-loaded NPs, which was
96.8 £10.5, 82.4=8.7, and 71.1 =£5.6%, for 12, 24, and
48-h incubation time at 3.2 pg/mL Eu-HAP concentration,
respectively, is much lower than that of pure Eu-HAP NPs
96.2+7.4, 79.8 £10.0, and 46.8 = 10.8%). Similar results
were also obtained at other Eu-HAP concentration for 12,
24, and 48-h incubation time. This demonstrated that
encapsulation of Eu-HAP into PLGA NPs can efficiently
minimize the cytotoxicity of Eu-HAP to NIH 3T3 fibro-
blasts normal cells, which is crucial for the application of
Eu-HAP in biological area.

Conclusions

In this study, new Eu-HAP-loaded PLGA NPs with folate
decoration were developed for targeted cellular imaging.
These Eu-HAP-loaded PLGA NPs with folate decoration are
biocompatibility and photostability, and showed specific tar-
geted imaging for MCF-7 breast cancer cells with overex-
pression folate receptors on their surface via folate receptor-
medicated endocytosis. The in vitro experiments confirmed
the suitability of NPs for biological and medical applications
as image generating probes. The fabricated NPs in this study
will be a promising tool for various biological applications
such as the diagnosis of cancer at its early stage in the
future.
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