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Abstract: In this study, we report the hyaluronate dot (dHA) with multiligand targeting ability
and a photosensitizing antitumor model drug for treating metastatic bone tumors. Here, the
dHA was chemically conjugated with alendronate (ALN, as a specific ligand to bone), cyclic
arginine-glycine-aspartic acid (cCRGD, as a specific ligand to tumor integrin o, 33), and photosensitizing
chlorin e6 (Ce6, for photodynamic tumor therapy), denoted as (ALN/cRGD)@dHA-Ce6. These dots
thus prepared (~10 nm in diameter) enabled extensive cellular interactions such as hyaluronate
(HA)-mediated CD44 receptor binding, ALN-mediated bone targeting, and cRGD-mediated tumor
integrin oy 33 binding, thus improving their tumor targeting efficiency, especially for metastasized
MDA-MB-231 tumors. As a result, these dots improved the tumor targeting efficiency and
tumor cell permeability in a metastatic in vivo tumor model. Indeed, we demonstrated that
(ALN/cRGD)@dHA-Ce6 considerably increased photodynamic tumor ablation, the extent of which is
superior to that of the tumor ablation of dot systems with single or double ligands. These results indicate
that dHA with multiligand can provide an effective treatment strategy for metastatic bone tumors.

Keywords: hyaluronate dot; alendronate; cyclic RGD; bone metastasis; photodynamic tumor therpy

1. Introduction

Extremely small-sized particles with a few nanometers in diameter have been extensively utilized
to control or visualize biological functions in the field of biology and improve the disease-targeting
ability of drugs in the field of pharmaceutics [1-4]. Indeed, these particles such as quantum dots,
carbon dots, and polymeric dots, can efficiently interact with the cell receptors, cell proteins, genes, and
cytokines owing to their surface functionality and tailor-made extremely small-sized configuration [5-9].
However, the innate toxicity of such dots should be considered in the course of accompanying various
biomedical applications [10]. Especially, the fabrication of biofunctional dots with low cytotoxicity can
offer various possibilities for realizing successful dot-based therapeutics and diagnosis [11-13].

Recently, our groups developed organic hyaluronate dots with biocompatible/biodegradable
properties [4,11,14]. These dots (3-10 nm in diameter) conjugated with an antitumor model drug
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have exhibited increased in vitro cellular interaction and in vivo tumor targeting ability, resulting in a
significant improvement of in vitro and in vivo tumor ablation [4,14]. Based on these studies, we here
designed multifunctional hyaluronate dots with more tumor-specific targeting ligands to aggressively
attack tumor cells with bone metastasis phenotype, and use them to improve the treatment efficacy of
metastatic tumors.

It is known that bone metastasis originating from the relocation of circulating tumor cells
usually causes pathogenic infiltration and multiple fractions, which create complicated in vivo
conditions [15-18]. Actually, conventional antitumor drugs are significantly limited in penetration
into bone-metastasized tumor tissues owing to the conventional densely packed metastatic tumor
tissues in bone regions [19-22]. However, it is interesting to note that bisphosphonate drugs inducing
apoptosis in osteoclasts and inhibiting osteolysis have shown their potential in high interaction
with bone tissues owing to their high affinity (e.g., electrostatic interaction) for bone hydroxyapatite,
revealing their attractive role as bone-specific ligands [23-27]. Furthermore, it is also known that
hyaluronic acid (HA), a linear biodegradable polysaccharide, can specifically interact with CD44
receptors overexpressed on various metastatic tumors [28-32]. The tumor-targeting peptide, cyclic
arginine-glycine-aspartic acid (cRGD) can also bind to ay[33 integrin receptors overexpressed on
metastatic breast tumors [33-36]. Therefore, in this study, the hyaluronate dot (dHA) with multiligand
targeting abilities was developed to treat in vivo metastatic bone tumors. First, dHA was synthesized
using the chemical conjugating method by using Cgg and HA [4,14]. Then, the dHAs were chemically
conjugated with alendronate (ALN), cRGD, and chlorin e6 (Ce6, as a photodynamic antitumor agent),
denoted as (ALN/cRGD)@dHA-Ce6. We expect that the dHA with multiple ligands (HA, ALN, and
cRGD) facilitates multiple receptor-mediated cellular internalizations and provides multiple routes
for efficient drug uptake in bone-metastasized tumors, resulting in improved photodynamic tumor
ablation (Figure 1a). In particular, we investigated the in vitro/in vivo tumor targeting ability and
antitumor efficacy of (ALN/cRGD)@dHA-Ce6 against MDA-MB-231 bone-metastasized tumors.

2. Materials and Methods

2.1. Materials

Hyaluronic acid (HA, M, = 3.7 kDa), dimethyl sulfoxide (DMSO), toluene, N,N’-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), N-(2-aminoethylmaleimide)
(AEM), triethylamine (TEA), adipic acid dihydrazide (ADH), alendronate sodium salt (ALN),
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), deoxychlolic acid (DOCA),
4-dimethylaminopyridine (DMAP), pyridine, 9,10-dimethylanthracene (DMAT), hydroxyapatite,
sodium hydroxide (NaOH), 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI), formaldehyde,
ethanol, and hexamethyldisilazane (HMDS) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Cgp was purchased from NanoLab Inc. (Waltham, MA, USA). Chlorin e6 (Ce6) was purchased
from Frontier Scientific Inc. (Logan, UT, USA). cRGD [cyclo(Cys-Lys-Arg-Gly-Asp-D-Phe)] was
purchased from Peptron Inc. (Daejeon, Korea). Penicillin, streptomycin, fetal bovine serum (FBS),
RPMI-1640 medium, bovine calf serum (BCS), Dulbecco’s modified eagle medium (DMEM), trypsin,
and ethylene diamine tetra-acetic acid (EDTA) were purchased from Welgene Inc. (Seoul, Korea). Type
I collagen solution (3 mg/mL, Bovine) was purchased from Advanced BioMatrix (San Diego, CA, USA).
Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies Inc. (Rockville, MD,
USA). Wheat Germ Agglutinin Alexa Fluor® 488 conjugate (WGA-Alexa Fluor® 488) was purchased
from Life Technologies (Carlsbad, CA, USA).

2.2. Synthesis of Hyaluronate Dots (1HA) with ALN, cRGD, and Ce6

Four types of hyaluronate dot (AHA) derivatives were prepared as follows: (1) dHA with
Ce6 (dHA-Ce6), (2) dHA with ALN and Ce6 [(ALN)@dHA-Ce6], (3) dHA with cRGD and Ce6
[(cRGD)@dHA-Ce6], and (4) dHA with ALN, cRGD, and Ce6 [(ALN/cRGD)@dHA-Ce6]. First, the dHA
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(400 mg, prepared after conjugating HA to all —mt carbon bonds of C¢p) was preactivated in DMSO
(15 mL) containing DCC (20 mg), NHS (25 mg), AEM (8 mg), and TEA (1 mL) for 1 day and reacted
with preactivated Ce6 [150 mg, preactivated for 4 h in DMSO (15 mL) containing ADH (35 mg), DCC
(20 mg), NHS (25 mg), and TEA (0.5 mL)] for 3 days at 25 °C. The resulting solution was dialyzed using
a pre-swollen dialysis membrane (Spectra/Por® MWCO 10 kDa; Spectrum Lab., Rancho Dominguez,
CA, USA) against fresh DMSO for 2 days and then deionized water for 2 days to remove non-reacted
chemicals. The dialyzed solution was freeze-dried to obtain dHA-Ce6 [4,14,35,37]. The resulting
dHA-Ce6 (200 mg) was reacted with ALN (60 mg) in deionized water (20 mL) containing EDC (40 mg),
NHS (45 mg), and TEA (1 mL) for 3 days at 25 °C. The solution was dialyzed against deionized water
for 3 days and freeze-dried to obtain (ALN)@dHA-Ce6. Next, to synthesize the (c(RGD)@HA-Ce6, the
dHA-Ce6 (200 mg) was reacted with cRGD (4 mg) in deionized water (20 mL) for 3 days at 25 °C.
The solution was dialyzed and freeze-dried to obtain (c(RGD)@dHA-Ce6 [4,35]. Finally, to synthesize
(ALN/cRGD)@dHA-Ce6, the dHA-Ce6 (200 mg) was reacted with ALN (60 mg) and cRGD (4 mg) in
deionized water (20 mL) containing EDC (40 mg), NHS (45 mg), and TEA (1 mL) for 3 days at 25 °C,
and then the resulting solution was dialyzed and freeze-dried.

Additionally, HA grafted with DOCA, ALN, cRGD, and Ce6 was utilized as a control nanoparticle
(NP) group, denoted as (ALN/cRGD)@HDOC-Ce6 NP. Here, HA (200 mg) was reacted with DOCA
(655 mg) in DMSO (10 mL) containing DCC (345 mg), DMAP (205 mg), and pyridine (0.5 mL) for 2 days
at 25 °C. After reaction, the solution was dialyzed using a pre-swollen dialysis membrane (Spectra/Por®
MWCO 1 kDa) against fresh DMSO for 2 days and then deionized water for 2 days. The dialyzed
solution was freeze-dried to obtain HDOC [37,38]. The HDOC (1.2 g) was again preactivated in DMSO
(15 mL) containing DCC (60 mg), NHS (75 mg), AEM (10 mg), and TEA (1 mL) for 1 day and reacted
with preactivated Ce6 (225 mg, preactivated for 4 h in DMSO (15 mL) containing ADH (35 mg), DCC
(20 mg), NHS (25 mg), and TEA (0.5 mL)) for 3 days at 25 °C. The resulting solution was dialyzed
and freeze-dried to obtain HDOC-Ce6 [37,38]. Then, HDOC-Ce6 was reacted with ALN (80 mg) and
cRGD (4 mg) in deionized water (30 mL) containing DCC (60 mg), NHS (75 mg), and TEA (1 mL) for
3 days at 25 °C. The solution was dialyzed against deionized water for 3 days and freeze-dried, finally
producing (ALN/cRGD)@HDOC-Ce6. Furthermore, the (ALN/cRGD)@HDOC-Ce6 was dissolved in
DMSO and dialyzed against fresh phosphate buffered saline (PBS, pH 7.4, 150 mM) for 1 day to prepare
(ALN/cRGD)@HDOC-Ce6 NP [39,40].

2.3. Characterization of AHA Samples

The chemical structure of each dHA sample and (ALN/cRGD)@HDOC-Ce6 (as a control) was
analyzed using a 500 MHz NMR Spectrometer (Bruker, Billerica, MA, USA) [4,14,35,37]. The particle size
and morphology of each dHA sample and (ALN/cRGD)@HDOC-Ce6 was analyzed using a transmission
electron microscope (TEM, Carl zeiss, Oberkochen, Germany) [4,14,35,37]. In addition, the particle size
and zeta potential of each dHA sample and (ALN/cRGD)@HDOC-Ce6 NP (0.1 mg/mL) in PBS (pH 7.4,
150 mM) was measured using Zetasizer 3000 (Malvern instruments, Malvern, UK) [4,14,35,37].

The light emission spectrum (at Aex of 400 nm and Aem of 600-750 nm) of each dHA sample
with fluorescent Ce6 (equivalent Ce6 10 ug/mL) or (ALN/cRGD)@HDOC-Ce6 NP with fluorescent
Ce6 (equivalent Ce6 10 pg/mL) in PBS (pH 7.4, 150 mM) was measured using a RF-5301PC
spectrofluorophotometer (Shimadzu, Kyoto, Japan) [14,41,42].

The generation of singlet oxygen by each dHA sample (equivalent Ce6 10 pg/mL),
(ALN/cRGD)@HDOC-Ce6 NP (equivalent Ce6 10 pug/mL), and free Ce6 (10 pg/mL) in PBS (pH
7.4, 150 mM) was confirmed using a RF-5301PC spectrofluorophotometer by analyzing the fluorescence
of 9,10-dimethylathracene (DMAT, at Aex of 360 nm and Aem of 380-550 nm) [14,35,37,41-44]. Briefly,
each sample (in pH 7.4, 150 mM PBS) was mixed with DMAT (20 mmol) and irradiated using a 670 nm
laser source (5.2 mW/cm? for 10 min). After 1 h, when the DMAT fluorescence intensity reached a
plateau, the change in the fluorescence of DMAT (F¢—F;, Fy is the fluorescence intensity of pure DMAT
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and F is the fluorescence intensity of DMAT mixed with the sample) was plotted. Here, the fluorescence
of DMAT decreases because DMAT selectively captures singlet oxygen molecule [14,35,36,41-44].

2.4. Hydroxyapatite Binding Analysis

The binding affinity of each dHA sample (1 mg/mL) and (ALN/cRGD)@HDOC-Ce6 NP (1 mg/mL)
to bone-like hydroxyapatite particles (10 mg) in PBS solution was analyzed using a Cary 1E
UV/visible spectrophotometer (Varian Inc., Palo Alto, CA, USA) by analyzing the light absorbance of
solution [41,44,45]. Here, each sample (in pH 7.4 150 mM PBS) was mixed with hydroxyapatite particles
(2.5 um in diameter) and incubated with mechanical shaking (100 rpm) at 37 °C. At the specified
time point, the incubated sample was centrifuged at 5000 rpm for 5 min, and the supernatant was
collected. The light absorbance of the collected supernatant was measured at a wavelength of 670 nm.
Consequently, the binding affinity was calculated by the following formula: binding affinity (%) = (A
— A)/Ag x 100 (%), where A is initial absorbance and A is absorbance at the specified time [46].

2.5. Cell Culture

Human breast carcinoma MDA-MB-231 cells, human lung carcinoma A549 cells, human breast
carcinoma BT-474 cells, and mouse embryo fibroblast NIH3T3 cells were purchased from the Korean
Cell Line Bank. MDA-MB-231, A549, and BT-474 cells were cultured in the RPMI-1640 medium
containing 1% penicillin-streptomycin and 10% FBS in 5% CO, atmosphere at 37 °C. NIH3T3 cells
were cultured in the DMEM medium containing 1% penicillin-streptomycin and 10% BCS in 5% CO,
atmosphere at 37 °C. Prior to testing, the cells (1 x 10° cells/mL) were harvested by trypsinization
using 0.25% (wt./vol.) trypsin/0.03% (wt./vol.) EDTA solution and seeded in well plates containing the
RPMI-1640 or DMEM medium [4,11,14].

2.6. In Vitro Phototoxicity

MDA-MB-231, A549, BT-474, and NIH3T3 cells were used to verify the phototoxicity of each dHA
sample and (ALN/cRGD)@HDOC-Ce6 NP under light irradiation. Here, the cells were incubated in
type I collagen solution without or with hydroxyapatite particles (mimicking the live in vivo bone
environment) and then incubated at 37 °C for 2 h. Next, the collagen gel containing cells in RPMI-1640
or DMEM medium was flipped to expose the cells on the surface as shown in Figure 4 of [46]. These
cells were incubated with each dHA sample (equivalent Ce6 10 pug/mL), (ALN/cRGD)@HDOC-Ce6
NP (equivalent Ce6 10 ug/mL), and free Ce6 (10 pg/mL) at 37 °C for 4 h, washed three times with
PBS (pH 7.4, 150 mM), and then were irradiated using a 670 nm laser source (5.2 mW/cm? for
10 min). The treated cells were further incubated at 37 °C for 12 h. Subsequently, we measured
cell viability using a CCK-8 assay [14,35,36,41,42]. In addition, the original toxicity of each dHA
samples and (ALN/cRGD)@HDOC-Ce6 NP without light irradiation was evaluated after 24 h of
treatment [14,35,36,41,42].

2.7. In Vitro Cellular Uptake

MDA-MB-231 cells were incubated with each dHA sample (equivalent Ce6 10 pg/mL),
(ALN/cRGD)@HDOC-Ce6 NP (equivalent Ce6 10 ug/mL), and free Ce6 (10 ug/mL) at 37 °C for
4 h. After washing the cells using PBS (pH 7.4, 150 mM), the fluorescence intensity of the cells was
analyzed using a FACSCaliburTM flow cytometer (FACSCanto II, Becton Dickinson, Franklin lakes, NJ,
USA) [4,14,41,42]. In addition, to visualize the cellular uptake of each sample, the MDA-MB-231 cells
were incubated with the each sample for 4 h and then stained using DAPI and WGA-Alexa Fluor®488.
The stained cells were fixed using using 3.7% formaldehyde in PBS and analyzed using a confocal laser
scanning microscope (LSM710, Carl Zeiss, Oberkochen, Germany) [4,14,41,42].
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2.8. Animal Care

All animal experiments were performed using 6-8 weeks old female BALB/c nude mice (Orient
Bio Inc., Seongnam, Korea) and progressed under the guidelines of an approved protocol from the
Institutional Animal Care and Use Committee (IACUC, the project identification code: 2018-016, July,
09, 2018) of the Catholic University of Korea [4,41,42].

2.9. Ex Vivo Photodynamic Tumor Therapy Using a Bone Metastasis Model

To evaluate the photodynamic antitumor efficacy of each sample using a bone metastasis model,
BALB/c nude mice were euthanized using carbon dioxide asphyxiation, and their tibias were extracted
under sterile conditions. The separated tibias were placed into 6-well plates and incubated with
MDA-MB-231 tumor cells (1 x 10° cells/mL) in RPMI-1640 medium at 37 °C for 48 h [27,47]. The tibias
with MDA-MB-231 tumor cells were incubated with each dHA sample (equivalent Ce6 10 pug/mL),
(ALN/cRGD)@HDOC-Ce6 NP (equivalent Ce6 10 pg/mL), and free Ce6 (10 pg/mL) at 37 °C for 4 h,
washed three times with PBS (pH 7.4, 150 mM), and then irradiated using a 670 nm laser source
(5.2 mW/cm? for 10 min). The treated cells on tibias were further incubated at 37 °C for 12 h and then
fixed using glutaraldehyde, ethanol, and HMDS. The resulting tibias were monitored using a scanning
electron microscopy (SEM, 5-4800, Hitachi, Tokyo, Japan) [27,47].

2.10. In Vivo Biodistribution

We prepared in vivo bone metastasized tumor model using BALB/c nude mice intraosseously
injected with MDA-MB-231 tumor cells (1 X 107 cells in pH 7.4, 150 mM PBS) [48]. After 21 days,
the in vivo transplanted tumors were confirmed using a micro CT imaging scanner (CLS140083,
PerkinElmer Inc., Waltham, MA, USA) with parameters of 90 kV, 88 pAs, and 4 min scan time [41,42].
Next, each dHA sample (equivalent Ce6 2.5 mg/kg) and free Ce6 (2.5 mg/kg) were intravenously
administered to the BALB/c nude mice to treat the MDA-MB-231 metastasized tumor. Importantly,
fluorescence images of each sample (with fluorescent Ce6) at the tumor site were obtained at 1, 4, and 8
h post-injection using a Fluorescence-labeled Organism Bioimaging Instrument (FOBI, Neo-Science,
Seoul, Korea) [4,49]. In addition, the tumors (in the right leg) and major organs (heart, lung, liver,
kidney, and spleen) were harvested from the BALB/c nude mice (at 24 h post-injection) euthanized by
carbon dioxide asphyxiation, and then assessed using FOBI analysis [4,49].

2.11. In Vivo Photodynamic Tumor Therapy

Each dHA sample (equivalent Ce6 2.5 mg/kg), free Ce6 (2.5 mg/kg), and control (saline) was
intravenously injected into the tumor-bearing BALB/c nude mice through their tail vein. At12h
post-injection, the metastasized tumor sites (tibias) of the BALB/c nude mice were locally irradiated for
40 min at a light intensity of 5.2 mW/cm? with a 670 nm laser source. The tumor volume was calculated
using the following formula: tumor volume = length X (width)?/2. The relative tumor volume change
(V/Vj), where V is the tumor volume at a given time and Vj is the initial tumor volume, was plotted
to evaluate the photodynamic tumor ablation of (ALN/cRGD)@dHA-Ce6 [14,35,36]. Furthermore,
the micro CT images of tumor sites at 14 days post-injection were captured using a micro CT imaging
scanner [41,42].

2.12. Statistics

All of the experimental results were analyzed using Student’s ¢-test or ANOVA at a significance
level of p < 0.01 (**) [4,14,35].
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3. Results and Discussion

3.1. Synthesis of dHA Samples

To fabricate the hyaluronate dot ({HA) with multiligand targeting ability to treat bone metastatic
tumors (Figure 1a), we first synthesized dHA as a backbone carrier; the dHA was prepared by
conjugating the hydroxy groups of HA to all —7t carbon bonds of Cg [4,14]. The obtained dHA
(My, = 13.0 kDa) was coupled with a photodynamic antitumor agent Ce6 (preactivated using ADH)
using DCC, NHS, AEM, and TEA in DMSO solvent and then chemically linked with ALN (for targeting
Ca®* in bone) and cRGD (for targeting integrin o, f33) using EDC, NHS, and TEA in DMSO solvent as
shown in Figure 1b [4,14,35,36]. As a result, we fabricated the (ALN/cRGD)@dHA-Ce6 and evaluated
the conjugation molar ratio of Ce6, ALN, and cRGD to dHA using proton nuclear magnetic resonance
('H-NMR) (Figure S1). The 'H-NMR results show that the conjugation molar ratio of Ce6, ALN, and
cRGD in (ALN/cRGD)@dHA-Ce6 were 0.14, 0.43, and 0.10, respectively, per one repeating unit of HA,
estimated after analyzing the integration ratio of the peaks from 4 1.21 ppm (-CH from dHA), 6 6.42
ppm (-CHs- from Ce6), 6 2.98 ppm (-CHj- from ALN), and 6 7.81 ppm (-CH from cRGD). Additionally,
(ALN/cRGD)@HDOC-Ce6 (as a control NP with 100 nm in size) was prepared using HA, DOCA, Ce®6,
ALN, and cRGD (Figure S2). Subsequently, (ALN/cRGD)@HDOC-Ce6 NPs were prepared through the
self-assembly process of (ALN/cRGD)@HDOC-Ce6 in PBS (pH 7.4, 150 mM) [39,40].
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3.2. Characterization of dHA Samples

Figure 2a shows the images of (ALN/cRGD)@dHA-Ce6 and (ALN/cRGD)@HDOC-Ce6 NP
obtained using a TEM. TEM images reveal that all dHA samples have an extremely small-sized dot
shape with an average diameter of 5-10 nm. In addition, (ALN/cRGD)@HDOC-Ce6 NPs have an
average diameter of 100 nm and exhibit almost spherical morphologies. Figure 2b also shows that
the average particle sizes of each dHA sample and (ALN/cRGD)@HDOC-Ce6 NP (measured using a
Zetasizer 3000) were approximately 10 and 100 nm, respectively.

Figure 2c shows that the zeta potential of all samples was negative at pH 7.4, owing to the presence
of the negatively charged HA and Ce6 [50,51]. Especially, (ALN)@dHA-Ce6, (ALN/cRGD)@HDOC-Ce6
NP, and (ALN/cRGD)@dHA-Ce6 have a very reduced zeta potential value owing to the presence of
rich phosphoryl groups of ALN [52,53].

Figure 2d shows the fluorescence Ce6 intensity of each dHA sample and (ALN/cRGD)@HDOC-Ce6
NP. Interestingly, free Ce6 or (ALN/cRGD)@HDOC-Ce6 NP exhibited reduced NIR fluorescence
intensities at 670 nm, probably owing to the auto-quenching event of Ce6 molecules originated
from their Ce6 aggregates formation in aqueous solution [42,45]. However, water-soluble dHA-Ce6,
(ALN)@dHA-Ce6, (cCRGD)@dHA-Ce6, and (ALN/cRGD)@dHA-Ce6 exhibited increased fluorescence
intensity owing to the free mobility of fluorescent Ce6 molecules attached to water-soluble dHA.

Next, the singlet oxygen generation of (ALN/cRGD)@dHA-Ce6 was determined using fluorescent
9,10-dimethylanthracene (DMAT), as shown in Figure 2e. First, all dHA samples highly generated
singlet oxygen under light irradiation. However, free Ce6 or (ALN/cRGD)@HDOC-Ce6 NP reduced
singlet oxygen generation, owing to the auto-quenching event of aggregated Ce6 molecules [43,54].
These results demonstrate that, unlike (ALN/cRGD)@HDOC-Ce6 NPs, dHA samples can enhance
singlet oxygen-mediated phototoxicity to tumor cells during tumor therapy.
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Figure 2. (a) TEM images of (ALN/cRGD)@dHA-Ce®6 (left) and (ALN/cRGD)@HDOC-Ce6 NP (right). (b)
Particle size distribution and (c) zeta potential values of dHA-Ce6, (ALN)@dHA-Ce6, ((RGD)@dHA-Ce6,
(ALN/cRGD)@HDOC-Ce6 NP, and (ALN/cRGD)@dHA-Ce6 at pH 7.4 (n = 3, as multiple experiments,
** p < 0.01 compared to dHA-Ce6). (d) The emission spectra (at Aex of 400 nm and Aem of 600-750 nm)
of free Ce6 (10 ug/mL) and each sample (equivalent Ce6 10 pg/mL) in PBS (pH 7.4, 150 mM). (e) The
9,10-dimethylanthracene (DMAT) fluorescence change (at Aex of 360 nm and Aem of 380-550 nm) of
free Ce6 (10 pg/mL) and each sample (equivalent Ce6 10 pug/mL) in PBS (pH 7.4, 150 mM). The singlet
oxygen generation is indicated by the DMAT fluorescence intensity change (F¢ — Fs, where F is the
fluorescence intensity of DMAT and F; is the fluorescence intensity of DMAT mixed with the sample).

3.3. Hydroxyapatite Binding Test of AHA Samples

Figure 3

shows the hydroxyapatite binding affinity of each dHA sample and

(ALN/cRGD)@HDOC-Ce6 NP. First, dHA-Ce6 and (cRGD)@dHA-Ce6 without ALN showed a
relatively low 35-40 wt.% nonspecific binding affinity after 180 min, while (ALN)@dHA-Ce6,
(ALN/cRGD)@HDOC-Ce6 NP, and (ALN/cRGD)@dHA-Ce6 showed increased binding affinity
equivalent to approximately 80 wt.%, probably owing to Ca?* (bone)-mediated electrostatic
interaction with ALN [25-27]. These results indicate that dHA samples with ALN have enhanced
bone-targeting ability.
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Figure 3. Electrostatic binding affinity of each sample with hydroxyapatite particles (as an in vitro
bone model, #2.5 um in diameter) in PBS (pH 7.4, 150 mM) (n = 3, as multiple experiments). Here,
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dHA-Ce6 (the conjugation molar ratio of Ce6 to one repeating unit of HA was 0.14), (ALN)@dHA-Ce6
(the conjugation molar ratio of Ce6 and ALN to one repeating unit of HA was 0.14 and 0.43, respectively),
(cRGD)@dHA-Ce6 (the conjugation molar ratio of Ce6 and cRGD to one repeating unit of HA was 0.14
and 0.10, respectively), (ALN/cRGD)@HDOC-Ce6 NP (the conjugation molar ratio of Ce6, ALN, cRGD
to one repeating unit of HA was 0.25, 0.40, and 0.13, respectively), and (ALN/cRGD)@dHA-Ce6 (the
conjugation molar ratio of Ce6, ALN, and cRGD to one repeating unit of HA was 0.14, 0.43, and 0.10,
respectively) were used as experimental samples (Figures S1-54).

3.4. In Vitro Phototoxicity of dHA Samples

To evaluate the in vitro phototoxicity of dHA samples, four types of cell were cultured with
or without tumor-specific receptors, such as CD44 receptor and integrin oy 33 [MDA-MB-231 cells
(CD44+, integrin o, f3+), A549 cells (CD44+, integrin oy, 33—), BT-474 cells (CD44—, integrin o, 33+),
and NIH3T3 cells (CD44—, integrin o, 33—)] [4,11,50,55] using a cell-culture medium containing
type I collagen solution with or without hydroxyapatite particles (Figure 4) and performed in vitro
phototoxicity test of each sample [46]. In addition, before this test, the collagen solution in the
cell-culture medium was solidified (resulting in producing collagen gel), and the obtained gel was
flipped to expose the cells on the surface containing hydroxyapatite particles (mimicking in vivo bone
environment). The cells growing on collagen gel with hydroxyapatite particles were treated with dHA
samples (equivalent Ce6 10 ng/mL), (ALN/cRGD)@HDOC-Ce6 NP (equivalent Ce6 10 pg/mL), and
free Ce6 (10 pg/mL) for 4 h, irradiated using a 670 nm laser source (5.2 mW/cm? for 10 min), and then
further incubated for 12 h. Subsequently, cell viability was evaluated using a CCK-8 assay. As shown in
Figure 4a, (ALN/cRGD)@dHA-Ce6 exhibited highly increased MDA-MB-231 cell death, probably owing
to their efficient binding ability to CD44 receptors, integrin « 33, and hydroxyapatite particles because
of the presence of HA, cRGD, and ALN moieties [4,25-35]. However, the (ALN/cRGD)@HDOC-Ce6 NP
resulted in relatively low phototoxicity to MDA-MB-231 cells because of their reduced cellular uptakes,
probably owing to their relatively large particle size. Furthermore, the dHA-Ce6, (ALN)@dHA-Ce6,
and (cRGD)@dHA-Ce6 showed less effectiveness in MDA-MB-231 cell death because of their absence
of ALN moieties, cRGD moieties, or both. Similarly, (ALN/cRGD)@dHA-Ce6 exhibited no significant
phototoxicity to A549 cells without integrin « 33, BT-474 cells without CD44 receptors, and NIH3T3
cells without CD44 receptors and integrin o, 33 (Figure 4a). In addition, compared with the results of
dHA-Ce6 and (cRGD)@dHA-Ce6, (ALN/cRGD)@dHA-Ce6 and (ALN)@dHA-Ce6 showed relatively
increased cytotoxicity to A549 cells with CD44 receptors, indicating that the binding ability of ALN
moieties to hydroxyapatite particles helps to enhance cell cytotoxicity. As a result, the cell viability
of MDA-MB-231 cells treated with (ALN/cRGD)@dHA-Ce6 was approximately 2.1, 1.7, 1.5, 2.6, and
1.9 times smaller than those of MDA-MB-231 cells treated with the (ALN/cRGD)@HDOC-Ce6 NP,
(cRGD)y@dHA-Ce6, (ALN)@dHA-Ce6, dHA-Ce6, and free Ce6, respectively.

Figure 4b shows that the (ALN)@dHA, (ALN/cRGD)@HDOC-Ce6 NP, and (ALN/cRGD)@dHA-Ce6
showed relatively decreased cell phototoxicity under the modified experimental condition without
hydroxyapatite particles that can be binding with ALN moieties. These results indicate that the
multiligand targeting ability of (ALN/cRGD)@dHA-Ce6 with HA, cRGD, and ALN could significantly
improve cell death of bone-metastasized MDA-MB-231 tumor cells. In addition, each dHA sample and
(ALN/cRGD)@HDOC-Ce6 NP without light irradiation showed negligible cytotoxicity up to 200 ug/mL
during co-incubation with MDA-MB-231, A549, BT-474, and NIH3T3 cells (Figure S5), indicating their
negligible original toxicity.
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Figure 4. Phototoxicities were determined by a CCK-8 assay of MDA-MB-231, A549, BT-474, and
NIH3TS3 cells cultured in collagen gel-containing cell medium (a) with or (b) without hydroxyapatite
particles. All cells were treated with free Ce6 (10 ug/mL) or each sample (equivalent Ce6 10 pug/mL) for
4 h and illuminated for 10 min at a light intensity of 5.2 mW/cm? using a 670 nm laser source (n = 7,
as multiple experiments, ** p < 0.01 compared to free Ce6). A detailed description of each sample was
given in the Figure 3 legend.
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3.5. In Vitro/In Vivo Evaluation of dHA Samples

To verify the cellular uptake behaviors of dHA samples to MDA-MB-231 tumor cells,
we performed in vitro cell tests using a FACSCalibur™ flow cytometer and a confocal laser scanning
microscope [4,14,41,42,56]. As shown in Figure 5a, the extremely small-sized (ALN/cRGD)@dHA-Ce6
and (c(RGD)@dHA-Ce6 exhibited highly increased Ce6 fluorescence intensity in MDA-MB-231 cells,
probably owing to their highly efficient binding ability to CD44 receptors and integrin «, (3 in
MDA-MB-231 cells during 4 h incubation [28-35]. However, (ALN/cRGD)@HDOC-Ce6 NP (100 nm
in diameter) showed relatively reduced cellular uptakes, probably because of their relatively delayed
absorption. In addition, dHA-Ce6 and (ALN)@dHA-Ce6 showed relatively decreased cellular uptakes
owing to the absence of cRGD ligands that can bind to the integrin o 33 of MDA-MB-231 cells.

Next, MDA-MB-231 tumor cells were cultured on the surface of ex vivo tibias (as an ex vivo
bone metastasized tumor model) to determine the phototoxicity of the dHA samples under ex vivo
conditions [27,47]. After 48 h, the cells growing on tibias were treated with dHA samples (equivalent
Ce6 10 pg/mL), (ALN/cRGD)@HDOC-Ce6 NP (equivalent Ce6 10 pug/mL), and free Ce6 (10 pg/mL) for
4 h, irradiated using a 670 nm laser source (5.2 mW/cm? for 10 min), and then further incubated for 12 h.
Figure 5b shows the SEM images of tibias treated with each sample. In particular, the tibia treated with
(ALN/cRGD)@dHA-Ce6 exhibited a decreased population of tumor cells, indicating highly increased
tumor ablation ability of (ALN/cRGD)@dHA-Ce6. However, the tibia treated with the other samples
showed partial proliferation and distribution of tumor cells on their surface, revealing their limited
therapeutic activities.

The invivo tumor-targeting ability of each dHA sample was also investigated using a
tumor-bearing mouse model with MDA-MB-231 tumors implanted on the right tibia. The dHA
sample (equivalent Ce6 2.5 mg/kg) or free Ce6 (2.5 mg/kg) was intravenously injected to the tail vein of
mice, and their fluorescence images were obtained for 24 h using a FOBI (Figure 6a,b) [4,49]. As shown
in Figure 6a, (ALN/cRGD)@dHA-Ce6 exhibited a strong Ce6 fluorescence signal at the tumor sites after
8 h post-injection. However, (ALN)@dHA-Ce6, (cCRGD)@dHA-Ce6, and free Ce6 exhibited relatively
weak Ceb6 fluorescence because of the relatively weak tumor-binding ability. Furthermore, we verified
the Ce6 fluorescence intensity in excised organs (heart, lung, liver, kidney, spleen, and tumor) at 24 h
post-injection (Figure 6b) [4,49]. As a result, (ALN/cRGD)@dHA-Ce6 and (ALN)@dHA-Ce6 exhibited
strong Ce6 fluorescence in the tumor site on the right tibia. In contrast, ((RGD)@dHA-Ce6 without
ALN and free Ce6 exhibited relatively weak Ce6 fluorescence in the tumor site. It was observed that
the fluorescence intensity of (ALN/cRGD)@dHA-Ce6 in normal organs (heart, lung, liver, kidney, and
spleen) was relatively weak, indicating reduced accumulation to normal organs.

To confirm the in vivo photodynamic antitumor efficacy of the dHA samples, the dHA samples
(equivalent Ce6 2.5 mg/kg), free Ce6 (2.5 mg/kg), and control (saline) were intravenously injected to
MDA-MB-231 tumor-bearing nude mice, and tumor sites were irradiated using a 670 nm laser source
(5.2 mW/cm? for 10 min) (Figure 6¢). Importantly, the (ALN/cRGD)@dHA-Ce6 resulted in a significant
tumor volume regression after 14 days post-injection (Figure 6d); the relative tumor volume in the
nude mice injected with the (ALN/cRGD)@dHA-Ce6 was approximately 2.9, 1.9, 9.5, and 13.4 times
smaller than those of the nude mice injected with the (c(RGD)@dHA-Ce6, (ALN)@dHA-Ce6, free
Ce6, and saline (control), respectively. Furthermore, the micro CT images (Figure 6e) support that
(ALN/cRGD)@dHA-Ce6 was highly effective in inhibiting MDA-MB-231 tumor cells, presenting no
difference from the CT image of a normal right leg.

Overall, the results of in vitro/in vivo studies demonstrate that (ALN/cRGD)@dHA-Ce6-mediated
photodynamic antitumor therapy can provide an efficient strategy to treat metastatic bone tumors.
Furthermore, we confirmed that the targeting efficiency of ALN moieties to bone-metastasized tumors
was quite high. Nevertheless, since the in vivo antitumor activity of ((RGD)@dHA-Ce6 with cRGD
moieties is not bad, we think that (ALN/cRGD)@dHA-Ce6 with multiple tumor-targeting ability will
have various advantages for targeting complicated in vivo tumors. Of course, more clear proof should
be clarified through various in vivo antitumor experiments in the future.
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Figure 5. (a) Flow cytometry analysis and confocal images of MDA-MB-231 cells treated with free Ce6
(10 pg/mL) or each sample (equivalent Ce6 10 pug/mL) at 37 °C for 4 h. (b) SEM images of MDA-MB-231
cells (cultured on tibia of ex vivo bone metastasized model) treated free Ce6 (10 ug/mL) or each sample

(equivalent Ce6 10 ug/mL). Red arrows indicate tumor cells. A detailed description of each sample was

given in the Figure 3 legend.
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Figure 6. (a) In vivo noninvasive photoluminescent tumor imaging of free Ce6 (2.5 mg/kg) or each
sample (equivalent Ce6 2.5 mg/kg) intravenously injected into MDA-MB-231 tumor-bearing nude mice.
Fluorescent tumor images were obtained at 1, 4, and 8 h post-injection. (b) Ex vivo fluorescence images
of major organs and tumors at 24 h post-injection. (c) Optical images of ex vivo tumors extracted from
MDA-MB-231 tumor-bearing nude mice at 14 days post-injection of saline, free Ce6 (2.5 mg/kg), or each
sample (equivalent Ce6 2.5 mg/kg). (d) Relative tumor volume change (V;/V), where V; is the tumor
volume at a given time and V) is the initial tumor volume) of MDA-MB-231 tumor-bearing nude mice
treated with saline, free Ce6 (2.5 mg/kg) or each sample (equivalent Ce6 2.5 mg/kg). (e) In vivo X-ray
CT images of MDA-MB-231 tumor-bearing nude mice treated with control (saline), free Ce6 (2.5 mg/kg),
or each sample (equivalent Ce6 2.5 mg/kg). The tumor site is indicated by a dashed circle and arrow.

4. Conclusions

In this study, (ALN/cRGD)@dHA-Ce6 was successfully synthesized for highly efficient
photodynamic therapy of metastatic tumors. The in vitro/in vivo results demonstrated that the multiple
tumor-targeting ability of (ALN/cRGD)@dHA-Ce6 with HA, cRGD, and ALN as tumor-binding ligands
enhanced tumor cell binding affinity and improved photodynamic tumor ablation. Based on the
results of this study, it is concluded that the extremely small-sized dot system with multiple ligands
can be effective in treating metastatic tumors, although in vivo pharmacokinetics evaluation should be
performed in the future.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/11/492/s1,
Figure S1: '"H-NMR peaks of (ALN/cRGD)@dHA-Ce6. Figure S2: "H-NMR peaks of (ALN/cRGD)@HDOC-Ce6.

Figure S3: 'H-NMR peaks of (ALN)@dHA-Ce6. Figure S4: 'H-NMR peaks of ((RGD)@dHA-Ce6. Figure S5:
In vitro cell viability were determined by a CCK-8 assay of (a) MDA-MB-231, (b) A549, (c) BT-474, and (d)
NIH3TS3 cells treated with dHA-Ce6, (ALN)@dHA-Ce6, (c(RGD)@dHA-Ce6, (ALN/cRGD)@HDOC-Ce6 NP and
(ALN/cRGD)@dHA-Ce6. Figure S6: The emission spectra (at Aex of 400 nm and Aem of 600-750 nm) of free Ce6
(10 pg/mL) and each sample (equivalent Ce6 10 pug/mL) in PBS (pH 7.4, 150 mM), which is reconstructed by
separating the results of Figure 2e.
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