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Photodynamic therapy (PDT) of tumors causes skin photosensitivity as a result of unspecific accumula-
tion behavior of the photosensitizers. PDT of tumors was improved by calcium phosphate nanoparticles
conjugated with (i) Temoporfin as a photosensitizer, (ii) the RGDfK peptide for favored tumor targeting
and (iii) the fluorescent dye molecule DY682-NHS for enabling near-infrared fluorescence (NIRF) optical
imaging in vivo. The nanoparticles were characterized with regard to size, spectroscopic properties and
uptake into CAL-27 cells. The nanoparticles had a hydrodynamic diameter of approximately 200 nm and a
zeta potential of around +22 mV. Their biodistribution at 24 h after injection was investigated via NIRF
optical imaging. After treating tumor-bearing CAL-27 mice with nanoparticle-PDT, the therapeutic effi-
cacy was assessed by a fluorescent DY-734-annexin V probe at 2 days and 2 weeks after treatment to
detect apoptosis. Additionally, the contrast agent IRDye® 800CW RGD was used to assess tumor vascu-
larization (up to 4 weeks after PDT). After nanoparticle-PDT in mice, apoptosis in the tumor was detected
after 2 days. Decreases in tumor vascularization and tumor volume were detected in the next few days.
Calcium phosphate nanoparticles can be used as multifunctional tools for NIRF optical imaging, PDT and
tumor targeting as they exhibited a high therapeutic efficacy, being capable of inducing apoptosis and
destroying tumor vascularization.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction photosensitizers that show precise enrichment in tumors but not

in other regions of the body [6,7].

Photodynamic therapy (PDT) is a promising tumor treatment
modality, which allows the local generation of reactive oxygen spe-
cies by selective activation of a photosensitizing agent via visible
laser light [1]. Thus, the specific destruction of tumor tissue with
simultaneous preservation of the healthy surrounding tissue is
guaranteed. Successful treatments have already been realized with
the photosensitizer Temoporfin (mTHPC), which is used as the
liposomal formulation Foscan® [2,3] in clinics. Despite these obser-
vations, these and most other photosensitizers do not show any
target-specific binding in tumors. Therefore, after systemic admin-
istration of the agents, the whole body and especially the skin exhi-
bit a high photosensitivity, such that patients have to avoid direct
contact with light [4,5]. Hence, it is of great interest to develop
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One rising field in this regard is the use of multifunctional
nanoparticulate carrier systems, which enable the loading of a pho-
tosensitizer together with other components that enhance the
specificity and imaging qualities of the carriers [8-10]. These fea-
tures make a combination of diagnostic imaging, drug delivery
and therapy [11-14] feasible. Concerning cell-specific targeting,
the conjugation of functionalized nanoparticles with receptor-
binding molecules can selectively increase their uptake by target
cells [15]. Various targeting moieties, such as antibodies, aptamers
or small molecules, have already been used [16]. Among them,
RGD peptides are particularly suitable for enhancing intratumoral
probe enrichment. RGD peptides specifically bind to a3 integrins
on the activated endothelium of angiogenic blood vessels, they can
easily be conjugated to nanoparticles and they are cheaper than
antibodies [17-20].

To track the nanoparticles in vivo, near-infrared fluorescence
(NIRF) optical imaging in the range of 650-900 nm [21] is an
appropriate technology due to its low autofluorescence and the
high penetration depth of the NIR light. Interestingly, the use of
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nanoparticles as carrier systems for NIRF-emitting dyes was shown
to improve their admission, prolong their circulation time in the
body, intensify their fluorescence and improve their photostability
[22-24].

Among the different nanoparticle varieties currently available,
calcium phosphate nanoparticles are very attractive [25-31] as
they exhibit high biocompatibility, small size, low toxicity, high
biodegradability, easy preparation and suitability for functionaliza-
tion [32]. In particular, the attachment of an antibody or dye to
calcium phosphate nanoparticles has shown the potential for
cell-specific targeting or diagnostic fluorescence imaging [33-35].
Also, the utilization of these nanoparticles for PDT has already been
demonstrated [36-38]. However, calcium phosphate nanoparticles
have never hitherto been synthesized that can unite all of these
aspects — NIRF optical imaging, favored tumor targeting and PDT
- at once.

In this study, we designed multifunctional calcium phosphate
nanoparticles made up of a calcium phosphate core as the carrier,
an NIRF dye as an imaging tool, enabling localization in the body,
the photosensitizer mTHPC as the drug for the PDT of tumors,
and finally the RGDfK peptide for specifying delivery to endothelial
cells in tumors, thus causing less skin photosensitivity compared to
free mTHPC. Furthermore, the suggested nanoparticles should pro-
spectively allow a reduction in the hydrophobicity of mTHPC. Our
multifunctional nanoparticles will be shown to be suitable for PDT.
In this context, the nanoparticles will be first characterized regard-
ing size, spectroscopic properties and internalization into tumor
cells in vitro. As a precondition for PDT in vivo, intratumoral
enrichment will be assessed with simultaneous verification of their
suitability for in vivo NIRF optical imaging. Finally, the potential of
the nanoparticles for inducing apoptosis and destroying tumor
vascularization after PDT will be analyzed in mice xenografts. Here
we use a self-designed annexin V probe that addresses phosphati-
dylserine on apoptotic tumor cells, together with an integrin-
targeting RGD-probe for detecting tumor vascularization.

2. Materials and methods
2.1. Cell line and animals

For in vitro experiments and as xenografts, CAL-27 cells
(tongue-squamous epithelium carcinoma cells, DSMZ, Braun-
schweig, Germany) were used. They were cultured in Dulbecco’s
modified Eagle’s medium (GlutaMAX™, Gibco®, Darmstadt,
Germany) supplemented with 10% fetal calf serum at 37 °C in a 5%
CO, humidified atmosphere.

For in vivo experiments, female athymic nude mice (Hsd:Athy-
mic Nude-Foxn1™ (nu/nu), Harlan Laboratories GmbH, Venray,
The Netherlands) of approximately 20-25g body weight were
housed with food and water ad libitum under standard conditions.
For generating xenografts, 2 x 10® CAL-27 cells in Matrigel™ (BD,
Heidelberg, Germany) were implanted subcutaneously into the
posterior back of mice aged 8-12 weeks and grown until they
reached a diameter of approximately 5 mm. All experiments were
carried out with isofluorane-anesthetized (Actavis, Munich,
Germany) animals and with the approval of the regional animal
committee, as well as in accordance with international guidelines
on the ethical use of animals.

2.2. Preparation of multifunctional calcium phosphate nanoparticles

Silica-modified calcium phosphate nanoparticles with an inner
shell of the stabilizing polymer polyethylenimine (PEI) were
synthesized as described previously [34]. The preparation pathway
is shown schematically in Fig. 1. After modification with a silica

shell, the nanoparticles were dye-labeled to enable NIRF optical
imaging by adding 200 pl of DY682-N-hydroxysuccinimidyl
ester in dimethylsulfoxide (DY682-NHS, 1 mgml~!, absorption:
690 nm, emission: 709 nm, Dyomics GmbH) to 10 ml of the CaP/
PEI/SiO, dispersion under stirring, followed by stirring for 30 min
at room temperature. For the functionalization with thiol groups,
the DY682-labeled nanoparticle dispersion was added to a mixture
of 40 ml of ethanol and 50 pl of (3-thiolpropyl)trimethoxysilane
(MPS, Sigma-Aldrich, 95%) and stirred for 8-10 h at room temper-
ature. Then the CaP/PEI/SiO,/DY682/SH particles were purified by
ultracentrifugation and redispersed in 8 ml of water by ultrasoni-
cation. DY682-labeled thiol-terminated calcium phosphate nano-
particles were loaded with meta-tetra-hydroxyphenyl-chlorin
(mTHPC; Biolitec Research GmbH) as follows: 200 pl of mTHPC
in 2-propanol (1 mg ml~!) was added to 8 ml of the CaP/PEI/SiO,/
DY682/SH dispersion under stirring, followed by stirring for 1 h
at room temperature. The CaP/PEI/SiO,/DY682/SH/mTHPC parti-
cles were collected by ultracentrifugation and redispersed in 8 ml
of water by ultrasonication.

For covalent conjugation, 500 ul of RGDfK peptide in PBS
(cyclo(-Arg-Gly-Asp-D-Phe-Lys) trifluoroacetate salt, 1 mgml~',
Bachem AG) were activated with 200 pl of the crosslinker 4-(N-
maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulpho-N-
hydroxysuccinimide ester sodium salt (4 mM, p.a., Sigma-Aldrich)
for 3-4 h at room temperature. Next, 5 ml of the CaP/PEI/SiO,/
DY682/SH/mTHPC nanoparticles were added to the activated
crosslinker and peptide mixture and reacted for 24 h at 4 °C.

After the conjugation reaction, the nanoparticles were purified
by centrifugation for 15 min at 14,500 g and redispersed in 5 ml
of water (UP50H, Hielscher, Ultrasound Technology, sonotrode 2,
cycle 0.8, amplitude 70%, 8 s).

For long-term storage, the dispersions were freeze-dried. For
this, 15 mg of D-(+)-trehalose dihydrate (Aldrich) was added to
1ml of the dispersion (CaP/PEI/SiO,/DY682/SH, CaP/PEI/SiO,/
DY682/SH/mTHPC, CaP/PEI/SiO,/DY682/SH/mTHPC-RGDfK), which
was then shock-frozen with liquid nitrogen. This system was
lyophilized for 48 h at 0.31 mbar and —7 °C [39].

2.3. Characterization of multifunctional calcium phosphate
nanoparticles

Scanning electron microscopy (SEM) was performed with an
ESEM Quanta 400 instrument with gold/palladium-sputtered sam-
ples. Dynamic light scattering (DLS) and zeta potential determina-
tions were performed with a Zetasizer nanoseries instrument
(Malvern Nano-ZS, laser: /=532nm) using the Smoluchowski
approximation and taking the data from the Malvern software
without further correction. The particle size data refer to scattering
intensity distributions (z-average). Ultracentrifugation was
performed at 25 °C with an Optima XL-I instrument (Beckman-
Coulter). Absorption spectra were recorded with a Varian Cary
300 spectrophotometer. Emission spectra were recorded with an
Agilent Cary Eclipse spectrophotometer. Freeze-drying (lyophiliza-
tion) was performed with a Christ, Alpha 2-4 LSC instrument.

2.4. Cellular uptake of multifunctional calcium phosphate
nanoparticles

For determining the cellular uptake of the nanoparticles, CAL-27
cells were grown for 2 days in a chamber slide. They were then
incubated for 24 h with 1 nmol (with respect to the dye concentra-
tion) of the nanoparticle formulation conjugated with DY682 and
mTHPC (NP-DY682-mTHPC). Cell nuclei were counterstained with
2 pg ml~! Hoechst-33258 (Applichem, Darmstadt, Germany). Cells
were analyzed with an EVOS fluorescence microscope (AMG,
Bothell, WA, USA) using a filter for Hoechst-stained cell nuclei
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(extinction: 357 + 44 nm; emission: 447 = 60 nm) and another one
for identification of the nanoparticles (extinction: 628 + 40 nm;
emission: 692 + 40 nm).

2.5. Intratumoral enrichment and biodistribution of multifunctional
calcium phosphate nanoparticles

To show the intratumoral enrichment of the three different nano-
particle formulations (NP-DY682, NP-DY682-mTHPC and NP-DY682-
mTHPC-RGD) in vivo, 1 nmol (with respect to the dye concentration)
of each was injected intravenously into three mice with CAL-27
tumors. The background fluorescence intensity of the animals was
measured before injection (—1 h), as well as 0, 2, 4, 6, 8 and 24 h
thereafter, using the Maestro™ in vivo fluorescence imaging system
(excitation filter: 615-665 nm; emission filter: 700 nm longpass; Cri
Inc., Woburn, MA, USA). The fluorescence contrast between tumor
and muscle was calculated by subtracting the fluorescence of the
muscle (an area in the neck of the mice) from that of the tumor.

To analyze the biodistribution of the nanoparticles, mice were
sacrificed 24 h after injection and the fluorescence of the tumors
and organs was measured ex vivo. The tumors were subsequently
halved and the fluorescence intensity of the moieties was mea-
sured again.

2.6. PDT treatment with multifunctional calcium phosphate
nanoparticles

Nanoparticle-PDT was carried out using the nanoparticles
loaded with the dye DY682, the photosensitizer mTHPC and the
RGDfK peptide (NP-DY682-mTHPC-RGD). Nanoparticles were
injected intravenously into four mice with CAL-27 tumors with
100 pg of mTHPC per kg body weight. Twenty-four hours later,
the tumors were illuminated with a 2 W 652 nm Ceralas PDT laser
(Biolitec AG, Jena, Germany), with a power density of 0.1 W cm—2
and a total light dose of 100 J cm 2.

2.7. Imaging of the therapeutic efficacy of nanoparticle-PDT via
apoptotic tumor cells

Apoptosis after nanoparticle-PDT was imaged with DY-734-
annexin V, a fluorescent probe with high affinity to phosphatidyl-
serine on apoptotic cells, which was designed and characterized
previously [40]. In short, annexin V (Abcam, Cambridge, UK) was
coupled to the NIRF dye DY-734-NHS (Dyomics GmbH, Jena, Ger-
many) by mixing both components for 2 h in coupling buffer and
subsequent extraction of the probe by ultracentrifugation. The
absorption spectrum of the probe was measured directly after cou-
pling and the dye-to-protein ratio was calculated based on the
Lambert-Beer law.

To detect apoptotic tumor cells in vivo, DY-734-annexin V
(4 nmol per kg weight) was injected intravenously into the nanopar-
ticle-PDT-treated mice 2 days and 2 weeks after the therapy. The
fluorescence intensity of the animals was measured before injection
of the probe (—1 h),aswellas 0, 2,4, 6, 8, 24 and 48 h thereafter, with
the Maestro™ in vivo fluorescence imaging system (excitation filter:
670-710 nm; emission filter: 750 nm longpass). By subtracting the
fluorescence of the muscle (area in the animal’s neck) from that of
the tumor, the fluorescence contrast from tumor to muscle was cal-
culated. The fluorescence contrast before probe injection (—1 h) was
subtracted from all other time points investigated.

2.8. Imaging of the therapeutic efficacy of nanoparticle-PDT via tumor
vascularization and volume

Alterations of the tumor vascularization after nanoparticle-PDT
were detected with the commercial contrast agent IRDye®*800CW

RGD Optical Probe (LI-COR®Biosciences, Lincoln, NE, USA), which
targets o, Bs integrins on endothelial cells in the tumor. The con-
trast medium (40 nmol per kg body weight) was injected intrave-
nously into mice before as well as 1, 2 and 4 weeks after
nanoparticle-PDT to detect changes in the tumor vascularization
with time. Fluorescence signals of the tumors were acquired with
the Maestro™ in vivo fluorescence imaging system (excitation fil-
ter: 670-710 nm; emission filter: 750 nm longpass) at 24 h after
injection of the IRDye® 800CW RGD. The relative fluorescence
intensity is stated with regard to the fluorescence intensity before
PDT (0 weeks).

To observe tumor regression, the tumor volume was measured
before treatment as well as up to 4 weeks thereafter using a digital
caliper and the equation V=m/6 x (length x width x height).
Regarding to the volume before PDT (0 days), the relative tumor
volume was calculated with time after therapy.

2.9. Biodistribution of DY-734-annexin V and IRDye® 800CW RGD

Analysis of the biodistribution of the apoptosis- and vasculariza-
tion-detecting probes was carried out in animals with nanoparticle-
PDT at 4 weeks after therapy and at 14 days after the last DY-734-
annexin V injection or 24 h after the last injection of IRDye® 800CW
RGD. Animals were sacrificed at the mentioned time points and the
fluorescence signals of the tumors and organs were measured ex
vivo using the Maestro™ in vivo fluorescence imaging system (exci-
tation filter: 670-710 nm; emission filter: 750 nm longpass).

2.10. Statistical analysis

Data are given as mean + standard deviation. The statistical sig-
nificance was evaluated by Student’s two-tailed t-test. If this test
failed, a Mann-Whitney Rank Sum test was used. A p-value of less
than 0.05 was considered statistically significant.

3. Results

3.1. In vitro characterization of multifunctional calcium phosphate
nanoparticles

Calcium phosphate nanoparticles were prepared by rapid pre-
cipitation from water with the simultaneous addition of PEI to
make them stable. They were then modified with a silica shell, fol-
lowed by labeling with the fluorescent dye DY682. After thiol func-
tionalization, the particles were loaded with a photosensitizer
mTHPC and finally conjugated with RGDfK peptide. The prepara-
tion pathway is shown schematically in Fig. 1.

The morphology and particle size distribution of the synthe-
sized nanoparticles were characterized by DLS and SEM. Table 1
lists the major colloidal properties of the different multifunctional
calcium phosphate nanoparticle formulations.

The hydrodynamic diameters of all nanoparticle formulations
as measured by DLS were around 200 nm (Fig. 2). The size distribu-
tion was relatively narrow with a polydispersity index (PDI) of
0.18-0.22. The nanoparticle surface was slightly positively
charged, with a zeta potential of around +22 mV in water, due to
the presence of the cationic polyelectrolyte PEI. Obviously this is
not compensated by the negative charge of mTHPC.

SEM images of the nanoparticles showed a nearly spherical
shape, with an average diameter of 50-100 nm (Fig. 3). The differ-
ence between the hydrodynamic diameter as determined by DLS
and the diameter of the solid core as determined by SEM suggests
that some agglomeration of the nanoparticles occurs in dispersion.
The increasing diameter with increasing level of functionalization
(Table 1) is therefore not due to an increase in primary particle size
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Fig. 1. Schematic representation of RGDfK-conjugated calcium phosphate nanoparticles loaded with a fluorescent dye and a photosensitizer. Silica-modified nanoparticles
(CaP/PEI/SiO,) were labeled with the fluorescent dye DY682-NHS (purple) and further functionalized with thiol groups (CaP/PEI/SiO,/DY682/SH = NP-DY682). Thiol-
functionalized nanoparticles were additionally loaded with the photosensitizer mTHPC (red, CaP/PEI/SiO,/DY682/SH/mTHPC = NP-DY682-mTHPC) and finally conjugated
with the RGDfK-peptid (green, CaP/PEI/SiO,/DY682/S-mTHPC-RGDfK = NP-DY682-mTHPC-RGD).

Table 1
DLS data of water-dispersed functionalized calcium phosphate nanoparticles.

Sample Hydrodynamic PDI Zeta potential
diameter (nm) (mV)
NP-DY682 170 +99 0.182 23+6
NP-DY682-mTHPC 198 £ 95 0.228 20+6
NP-DY682-mTHPC-RGD 205+ 102 0.227 24+4
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Fig. 2. DLS data (size) of three different nanoparticle formulations: NP-DY682
(black), NP-DY682-mTHPC (light gray) and NP-DY682-mTHPC-RGD (dark gray).

but to a different degree of agglomeration. This is also evident from
Fig. 3, where the primary particles always have about the same
diameter.

The labeling degree with DY682 as well as the loading capacity
with mTHPC of the multifunctional calcium phosphate nanoparti-
cles were determined by ultraviolet-visible spectroscopy. The con-
centration of DY682 in the dispersion was 5.3 pg ml~' and that of
calcium phosphate was 221 pug ml~!, as derived from calcium con-
centration gleaned from atomic absorption spectroscopy and
assuming the stoichiometry of hydroxyapatite, Cas(PO4);O0H. Tak-
ing an average particle diameter of 70 nm from the SEM data, we
calculated a particle concentration of 3.9 x 10" ml~!, with about
8500 DY682 molecules incorporated into the silica shell on the sur-
face of each particle. The loading capacity was 22.7 ngml~! for
mTHPC and 37.3 pg ml~! for RGDfK-conjugated and unconjugated
calcium phosphate nanoparticles, respectively. The concentrations
of calcium phosphate in the dispersions of conjugated and uncon-
jugated nanoparticles were 60 and 115 pugml~!, respectively.
Again taking the average particle diameter of 70 nm, the calculated
particle concentrations were 1.1 x 10'" and 2.0 x 10" ml™' of
RGDfK-conjugated and unconjugated calcium phosphate nanopar-
ticles, respectively.

Note that these calculations are based on a number of assump-
tions, e.g. the stoichiometry of hydroxyapatite (supported at least
in part by previous high-resolution transmission electron micros-
copy studies [41]), the density of hydroxyapatite, a spherical shape
and a monodisperse particle size distribution. Obviously, these
requirements are only partially fulfilled, but these assumptions
are necessary to give at least an estimate of the particle concentra-
tion. We estimate the error in the particle concentrations to be
about +50%, given the limits to our knowledge about the particles,
but we believe that an approximate particle concentration is a nec-
essary requirement for assessing the particle effect in the body.
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Fig. 3. Scanning electron micrographs of three different nanoparticle formulations: NP-DY682 (A), NP-DY682-mTHPC (B) and NP-DY682-mTHPC-RGD (C).
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Fig. 4. Absorption (left) and fluorescence (right) spectra of NP-DY682 (A), NP-DY682-mTHPC (B) and NP-DY682-mTHPC-RGD (C) after dispersing the nanoparticles in water.

The absorption and emission spectra of the DY682-labeled
nanoparticle dispersion showed split absorption bands at 641 and
690 nm and an emission band at 709 nm (Fig. 4A). No significant
shift in the emission wavelength was observed in comparison to
the dissolved DY682-NHS ester, suggesting that the NIRF dye
remained stable after conjugation to the nanoparticles. Typical
absorption spectra of NP-mTHPC and of NP-mTHPC-RGD disper-
sions showed a high peak at 430 nm and a smaller one at 650 nm
(Fig. 4B and C, left). These spectra are similar to the absorption spec-
trum of dissolved mTHPC. The fluorescence spectra of NP-mTHPC

and of NP-mTHPC-RGD showed two emission bands, at 656 and
722 nm (Fig. 4B and C, right). The conjugation of NP-mTHPC with
the RGDfK peptide did not change the spectra noticeably. Therefore,
the emission bands of the three types of functionalized nanoparti-
cles are located in the NIRF spectral window (700-1000 nm), and
their fluorescence property can be exploited for in vivo imaging.
After incubation of CAL-27 cells with the NP-DY682-mTHPC, a
homogeneous fluorescence signal with enrichment in the cyto-
plasm of CAL-27 cells, particularly in the perinuclear region, was
detected (Fig. 5). CAL-27 cells alone did not show autofluorescence.
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Fig. 5. Cellular uptake of NP-DY682-mTHPC in CAL-27 cells. Upper row: CAL-27 cells alone. Blue: cell nuclei stained with Hoechst. Green: nanoparticles. Bar: 200 pm (small
inset: 25 pum).
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at 24 h after application. (A) Fluorescence contrast (tumor-muscle) of NP-DY682 (left), NP-DY682-mTHPC (middle) and NP-DY682-mTHPC-RGD (right) in CAL-27 tumors up
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3.2. Intratumoral enrichment and biodistribution of multifunctional
calcium phosphate nanoparticles

After injecting the nanoparticles into the CAL-27 tumor-bearing
mice, a differing enrichment pattern in tumors with time was
observed for every formulation (Fig. 6A).

While NP-DY682 showed just a low fluorescence contrast
between tumor and muscle shortly after injection (0-2h,
0.0017-0.0011 scaled counts s~!) and a fast decline of the signal
as little as 4 h later (0.0004 scaled counts s~!), NP-DY682-mTHPC
showed a sharp increase in the fluorescence contrast up to 8 h after
injection (0.0038 scaled counts s~!) and a small decrease up to 24 h

A
2 d after PDT 2 w after PDT 0.0010

later (0.0027 scaled counts s~'). In contrast, NP-DY682-mTHPC-
RGD showed a comparatively smaller increase in the fluorescence
contrast up to 8 h after injection (0.0014 scaled counts s!) but a
higher contrast of the tumors 24 h later (0.0029 scaled counts
s~1). Therefore, the highest contrast was observed at 8 h after
injection with NP-DY682-mTHPC and at 24 h after injection with
NP-DY682-mTHPC-RGD. The corresponding images showed the
fluorescence of the nanoparticles within the mouse tumors. After
sacrificing the animals and removing the tumors 24 h after injec-
tion of the nanoparticles, those enriched with NP-DY682-mTHPC
showed a stronger fluorescence signal than the tumors with the
two other formulations (Fig. 6A).
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Fig. 7. Detection of the therapeutic efficacy of PDT by NIRF optical imaging of apoptotic tumor cells at 2 days and 2 weeks after PDT using nanoparticles (NP-DY682-mTHPC-
RGD), and the biodistribution of the DY-734-annexin V probe. (A) Representative composite images showing the fluorescence of DY-734-annexin V in CAL-27 tumor-bearing
mice at 2 days (left) and 2 weeks (right) after nanoparticle-PDT. (B) Fluorescence contrast (tumor-muscle) of the DY-734-annexin V probe at 2 days (black) and 2 weeks
(gray) after nanoparticle-PDT up to 48 h post-injection in mice with CAL-27 tumors (n =4, *p < 0.05). (C) Biodistribution of DY-734-annexin V in CAL-27 tumor-bearing mice
treated with nanoparticle-PDT at 4 weeks after therapy and 14 days after the last probe injection (n =4, kidney n =8). The composite images show the corresponding
fluorescence of the organs. The table shows the fluorescence signals + standard error (scaled counts s™! x 10,000) of DY-734-annexin V at 4 weeks after nanoparticle-PDT
(NP) and at 3 weeks after PDT with the photosensitizer formulation Foslip® and without PDT. The data of the Foslip®-PDT and non-PDT animals were taken from Ref. [40].
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Regarding the biodistribution of the nanoparticles 24 h after
application, for all three formulations, the strongest fluorescence
signal was observed in the lung of the animals, indicating a strong
accumulation of the nanoparticles within this organ (Fig. 6B). Here,
a more than twofold stronger signal could be detected for NP-
DY682-mTHPC-RGD (0.0334 scaled counts s~!) compared to NP-
DY682-mTHPC (0.0152 scaled counts s~'). The weakest signal
was visible after injection of NP-DY682 (0.0016 scaled counts
s~1). The strongest fluorescence within the tumors was found after
injection of NP-DY682-mTHPC (0.0075 scaled counts s!), a weaker
signal after NP-DY682-mTHPC-RGD injection (0.0034 scaled
counts s~!) and nearly no fluorescence at all after application of
NP-DY682 (0.0001 scaled counts s~!). The other organs of the ani-
mals injected with NP-DY682 also showed almost no fluorescence.
After injection of NP-DY682-mTHPC or NP-DY682-mTHPC-RGD,
the fluorescence in the heart, spleen, kidney and liver was almost
the same for both formulations, but with weaker signals in the
heart, spleen and kidney compared to the liver.

3.3. PDT with multifunctional calcium phosphate nanoparticles
induces apoptosis in tumors

Apoptotic tumor cells could be imaged at 2 days after nanopar-
ticle-PDT using the DY-734-annexin V probe, which showed
increasing fluorescence in the tumors up to 48 h after injection
(Fig. 7A).

In contrast, at 2 weeks after nanoparticle-PDT the fluorescence
of the probe had decreased within the tumors, showing a decrease
in intensity with time after injection, whereby after 24 and 48 h

nearly no fluorescence could be detected anymore.
%
13
u |
*
*

1 2 4

time [w]

>

-
3]

=
o
min

o
wv
1

relative fluorescence intensity

©
o
!

2.5 q

N
o
1

oy
o
I

relative tumor volume g
o =
n %
1 1

f

y |

0 10 20 30
time [d]

Average Signal (scaled counts/s) (@)

The corresponding semi-quantitative evaluation of the fluores-
cence intensities at 2 days after PDT showed a constant increase
in the fluorescence contrast of DY-734-annexin V between tumor
and muscle with time after injection, particularly from 2 to 48 h,
while at 2 weeks after therapy the contrast decreased with time
after probe injection (Fig. 7B). Especially from 6 to 48 h after injec-
tion, the fluorescence contrast was higher in tumors at 2 days after
PDT in comparison to 2 weeks later. The significantly greater
enrichment of DY-734-annexin V at 2 days after treatment at 24
and 48 h after injection indicated a specific accumulation of the
probe within the tumors at these time points.

The biodistribution of DY-734-annexin V at 4 weeks after nano-
particle-PDT and 14 days after the last injection of the probe
showed the strongest fluorescence in the liver (0.00067 scaled
counts s~!) and kidney (0.00038 scaled counts s}, Fig. 7C). A sig-
nificant signal of the annexin V probe could also be detected in
the lung (0.00020 scaled counts s~!). The tumor (0.00005 scaled
counts s~ ') as well as the spleen (0.00006 scaled counts s ')
showed weak fluorescence, whereas the heart and the gut gave vir-
tually no signal at all.

3.4. PDT with multifunctional calcium phosphate nanoparticles
destroys tumor vascularization and diminishes tumor volume

By NIRF optical imaging, a reduction in the tumor vasculariza-
tion was monitored with time after nanoparticle-PDT. In compari-
son to tumors before therapy (0 weeks), where a homogeneous
fluorescence of IRDye® 800CW RGD was detected, a reduced fluo-
rescence signal with only single selective spots was observed
thereafter, with the strongest decrease in fluorescence intensity
at 1 week after treatment (Fig. 8A).
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Fig. 8. Detection of the therapeutic efficacy of PDT via reduction of the tumor vascularization as well as the tumor volume after PDT using nanoparticles (NP-DY682-mTHPC-
RGD) and biodistribution of IRDye® 800CW RGD. (A) Relative fluorescence intensity (related to fluorescence before PDT) of IRDye® 800CW RGD in CAL-27 tumors with time
after nanoparticle-PDT (n =4, *p < 0.05). Representative composite images illustrate the corresponding fluorescence of IRDye® 800CW RGD in CAL-27 tumor-bearing mice
before (0 weeks) as well as 1, 2 and 4 weeks after nanoparticle-PDT. (B) Relative volume of CAL-27 tumors (related to volume before PDT) in mice with time after
nanoparticle-PDT (n = 4). (C) Biodistribution of IRDye® 800CW RGD in CAL-27 tumor-bearing mice treated with nanoparticle-PDT at 4 weeks after therapy and 24 h after the
last probe injection (n = 4, kidney n = 8). Composite images show corresponding fluorescence of the organs.
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At 2 weeks after PDT, the fluorescence intensity increased
slightly but did not reach the starting level. The fluorescence
dropped down again at 4 weeks after therapy to a value similar
to that after 1 week.

Simultaneously to the decrease in the tumor vascularization,
the tumor volume diminished with time after nanoparticle-PDT
in three out of four animals (Fig. 8B). Increased growth of the outer
tumor area was detected in one mouse at 2 weeks after therapy.

Biodistribution analysis of IRDye® 800CW RGD (showing the
vascularization) at 4 weeks after nanoparticle-PDT and 24 h after
the last probe injection showed the strongest fluorescence signal
within the tumors (0.0034 scaled counts s~!, Fig. 8C). In compari-
son, weaker signals could be detected in the kidney (0.0027 scaled
counts s~ 1), liver (0.0019 scaled counts s~ '), gut (0.0017 scaled
counts s~!) and lung (0.0008 scaled counts s~!). Nearly no signal
was emitted by the heart and spleen.

4. Discussion

By designing multifunctional calcium phosphate nanoparticles,
we have established a new tool that combines PDT, favored tumor
targeting and NIRF optical imaging of the nanoparticle localization.
The therapeutic efficacy of the nanoparticle-PDT was detected by
apoptosis markers at 2 days after PDT, and by reduction of the
tumor vascularization and the tumor volume at longer time points
thereafter.

Zeta potential measurements of the nanoparticles always gave a
positive charge due to the presence of PEI, despite the slightly neg-
atively charged dye mTHPC [36]. The final conjugation step with
peptide also did not change the particle charge, due to the ampho-
teric (net charge zero) nature of the peptide [42,43].

Investigating the cellular uptake of the nanoparticles, perinu-
clear enrichment in CAL-27 cells was shown. The same localization
was seen after incubating CAL-27 cells with the photosensitizer
formulation Foslip® [40], implying that a comparable PDT effect
with a destruction of tumor cells is possible by photosensitizer-
loaded nanoparticles. The proven uptake of the nanoparticles into
CAL-27 cells in vitro supports a real enrichment of the nanoparti-
cles in tumor cells in vivo. The probe enrichment in CAL-27 cells
and thus an initial transport and uptake of the photosensitizer into
the tumor cells is a first indispensable precondition for enabling
PDT with these nanoparticles.

An accumulation of calcium phosphate nanoparticles in CAL-27
tumors in vivo was demonstrated via NIRF optical imaging with
time after injection, whereby different accumulation kinetics were
obtained for the different nanoparticle formulations. Here, the
RGD-conjugated nanoparticles showed the slowest but also the
strongest enrichment at 24 h after injection, indicating a specific
accumulation in comparison to the two formulations without the
RGD peptide. NP-DY682 offered just a short tumoral accumulation
and a fast elimination thereafter, suggesting an enrichment due to
the EPR effect (enhanced permeation and retention effect). The
same accumulation kinetics was shown previously for the free
dye DY-754 in A431 tumors (human epidermoid carcinoma cells)
[44]. Thus, despite the different size of nanoparticles and free
dye, the same favorable accumulation kinetics were obtained. This
observation implies that the designed nanoparticles are promising
candidates for therapeutic applications. NP-DY682-mTHPC showed
a stronger enrichment in tumors than NP-DY682 alone, with a
maximum at 8 h after injection. Thus, the accumulation was more
effective for this formulation. The different enrichment behavior
appeared not to be due to different size or zeta potential, indicating
that the presence of the lipophilic mTHPC plays an important role
and led to a drastically enhanced enrichment of NP-DY682-mTHPC,
possibly due to interaction of mTHPC with the cell membrane.
NP-DY682-mTHPC-RGD gave a slower accumulation with time,

with a maximum at 24 h after application. Therefore, a specific
accumulation with increasing time was observed, and again this
fact was not the result of a change in size or zeta potential. As
was shown with the commercial contrast agent IRDye® 800CW
RGD before PDT, the nanoparticles were able to access the tumor
and integrins as receptors were present and accessible. As known
from the IRDye® 800CW RGD, the maximum enrichment occurs
at 24 h after injection. The nanoparticles with the RGD peptide
showed the same maximum, suggesting that the RGD peptide
bound to integrins.

Analyzing the biodistribution of the nanoparticles at 24 h after
injection, the strongest signal was detected in the lungs of the ani-
mals. Because the free dye is rarely found in the lung [44,45], this is
areal signal based on the nanoparticles. We assume that the strong
signal in the lung is a result of the uptake of nanoparticles by cells of
the mononuclear phagocyte system and transportation thereby to
this organ. In a similar way, nanoparticles are accumulated in the
liver or spleen, as has been shown for other nanoparticle formula-
tions [46,47]. Another possible explanation is the aggregation of
the nanoparticles within the blood as a result of electrostatic inter-
actions between the nanoparticles and serum proteins. Extensive
aggregation might ultimately lead to a transient embolism and
first-pass retention in the lung capillaries [48-50]. However, to gain
better insight into this enrichment pattern, particularly in the lung,
and the reasons for this process, additional studies are necessary. In
comparison to the lung, other organs of the animals injected with
NP-DY682 showed nearly no signal at 24 h after injection. This is
an indication that the nanoparticles are excreted via bile and feces.
Alternatively, renal clearance by excretion via the urine is feasible,
as has already been shown for similar free dye molecules, like DY-
677. This dye contains three sulphonate groups, like DY682, and
therefore carries a negative charge [45]. Another, less probable pos-
sibility is the detachment of the dye from the nanoparticles by deg-
radation of the nanoparticles (e.g. after uptake into a cell and
lysosomal degradation), so that only the dye is excreted. Without
the fluorescent dye, the calcium phosphate nanoparticles are no
longer visible in the animals. At 24 h after injection of NP-DY682-
mTHPC and NP-DY682-mTHPC-RGD, a signal was also detected in
the liver. This means that, after injection, the nanoparticles were
removed from the blood by cells of the mononuclear phagocyte sys-
tem [46,47] and transported into the liver and, to a lesser extent,
into the spleen. Taken together, this biodistribution pattern implies
that tumors in the liver or lung cannot be detected by our nanopar-
ticles, but other tumors, like superficial tumors or head and neck
tumors, represent a good target.

The therapeutic efficacy of NP-DY682-mTHPC-RGD was
detected via induction of apoptotic tumor cells by enrichment of
DY-734-annexin V at 2 days after therapy and simultaneously via
a decreased fluorescence of the integrin-targeting probe IRDye®
800CW RGD in tumors after treatment, indicating destruction of
the vascularization. We should mention here that necrotic cells in
the tumor are also detected by the DY-734-annexin V probe
because phosphatidylserine is accessible in these cells when their
membrane is disrupted, though to a lesser extent than was
described previously [40]. These results indicate that the multifunc-
tional calcium phosphate nanoparticles can reach different tumoral
compartments and can affect the tumor vessels as well as the tumor
cells. Whether a combination of the vascular and parenchymal
effects, which are both known effects of free photosensitizers like
mTHPC [51-53], could increase the therapeutic efficacy for nano-
particles has yet to be investigated. The RGD peptide on our nano-
particles could serve as a targeting moiety in order to reach and
eliminate the vasculature of tumors by PDT. This vascular localiza-
tion could also enable the migration of the photosensitizer into the
tumor cells, either together with the nanoparticles or after detach-
ment from the nanoparticles, thus leading to cellular effects in the
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tumor. We assume that mTHPC is detached from the particles after
reaching the tumor and cellular uptake. Namely, it has been shown
that mTHPC can be released from poly(lactide-co-glycolide) (PLGA)
nanoparticles and subsequently taken up by surrounding cells [54].
However, PLGA has a different degradation behavior than calcium
phosphate.

Despite the therapeutic success achieved with the nanoparticle-
PDT, the outer tumor area started to grow strongly after therapy in
one mouse. The same effect was detected previously after Foslip®-
PDT [40]. Possible reasons for this are an inhomogeneous distribu-
tion of the photosensitizer in this case or that this tumor was not
fully covered by laser illumination. This indicates that these are
key parameters to be considered in PDT application.

Interestingly, after analysis of the biodistribution of DY-734-
annexin V in nanoparticle-PDT-treated animals at 4 weeks after
therapy and 14 days after the last probe injection, a remarkable
signal was detected in the lung. In contrast, previous investigations
with the photosensitizer formulation Foslip® or untreated animals
did not show any signal from DY-734-annexin V in this organ, even
though identical treatment parameters (intravenous injection,
same laser focus) were used. In both studies the tumors were local-
ized at the posterior back of the animals, excluding an illumination
in the area of the lung. The reason for the DY-734-annexin V signal
in the lung is unknown. Possible explanations are that this is an
effect of the nanoparticle-based therapy, interfering with the bio-
distribution of the probe, or that the nanoparticles which also
accumulated in the lung might affect the physiology of this organ.
Therefore, it might be possible to a certain extent that apoptosis
indeed occurred in the lung after local PDT of tumors located in
the posterior back of the animals. Further studies are necessary
to answer this question. On the other hand, the biodistribution of
IRDye® 800CW RGD at 4 weeks after nanoparticle-PDT and 24 h
after the last probe injection as well as the biodistribution of DY-
734-annexin V in the kidney and liver showed a comparable pat-
tern to that shown after PDT with Foslip® [40]. This indicates that
the nanoparticles did not affect the biodistribution of these probes,
with the exception of the lung. In this context, the strong fluores-
cence signals in the kidney and liver illustrate the already known
excretion pathways of both probes, with faster excretion of smaller
probes by the kidney and later excretion of bound larger ones by
the liver because of elimination by phagocytic macrophages. Due
to these biodistribution patterns, there are no signs of any poten-
tial toxicity of the nanoparticles.

In summary, our study indicates that calcium phosphate nano-
particles can be used as a multifunctional tool for NIRF optical
imaging of their localization, for transporting drugs to target cells
and for PDT treatment of tumors. These nanoparticles open up
opportunities for combining diagnostic imaging, drug delivery
and therapy. They can be used to detect superficial, head and neck
or other tumors, with the exception of those in the liver and the
lung. They offer several advantages: better solubility in comparison
to free dye or photosensitizer, more specific tumor targeting and
thus higher efficacy of PDT, reduced skin photosensitivity and the
possibility of combining different functionalities, like imaging, tar-
geting and therapy, into a single nanoparticle by a single injection.

5. Conclusion

We have designed multifunctional calcium phosphate nanopar-
ticles which were followed in vivo after labelling with an NIRF dye
and which showed antitumor activity after PDT treatment. These
nanoparticles provide a promising new tool for enhancing the ther-
apeutic efficacy in comparison to dissolved photosensitizers by
simultaneous improvement and specification of the accumulation
behavior. Attaching an RGD peptide onto the nanoparticle surface
enables local enrichment and a reduction in such side effects as

skin photosensitivity. The fluorescent dye enhances the capability
of imaging of the nanoparticle localization. Altogether, with these
nanoparticles combine diagnostic imaging, tumor targeting, drug
delivery and therapy.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1 and 5-8, are
difficult to interpret in black and white. The full color images can
be found in the on-line version, at http://dx.doi.org/10.1016/
j-actbio.2014.12.009.
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