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Hydroxyapatite (HA) nanoparticles are commonly used as building blocks in the design of bone-substitut-
ing biomaterials. Recently, these nanoparticles have been considered for the treatment of metastasis
disease, since their pH-dependent dissolution behavior allows for precise tuning of release kinetics of
loaded cargo. Herein we show that the capacity of drug-loaded nanoparticles stabilized with citrate ions
reduce cancer cell survival in an embryonic zebrafish xenograft model. In particular, in vitro studies
demonstrate that PtPP-loaded HA nanoparticles exhibit anti—proliferative activity against breast cancer
cells at reduced pH. In vivo studies using an embryonic zebrafish xenograft model reveal that PtPP co-
delivered with human breast cancer cells strongly reduce cancer cell survival. Similarly, co-injection of
breast cancer cells with citrate-functionalized and PtPP-loaded HA nanoparticles into zebrafish signifi-
cantly reduces survival of cancer cells due to release of chemotherapeutically active kiteplatin species.
These results demonstrate the preclinical efficacy of drug-loaded nanoparticles against human breast
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cancer cells in a xenogenic embryonic in vivo model.

Introduction

Bone is a dynamic structure with the ability to heal after a frac-
ture, trauma or disease. When this self-healing capacity is not
sufficient, suitable bone grafts can be used to stimulate the
healing response of the human body." Nevertheless, bone dis-
eases or disorders often require additional delivery of drugs at
the injury or fracture site to combat these degenerative dis-
eases effectively. Unfortunately, several bone diseases such as
osteoporosis, bone cancer, and secondary metastases in bone
cannot be treated effectively.” Unlike traditional oral and intra-
venous systems for systemic drug delivery, local delivery
systems enable efficient delivery of chemotherapeutic agents at
high concentrations within the affected sites. Consequently,
therapeutic efficacy can be maximized and adverse systemic
side effects minimized. Among the various types of nano-
carriers, nanosized bioceramics such as calcium phosphate
(CaP) nanoparticles are particularly attractive for treatment of
bone cancer in view of their excellent biocompatibility, bioac-
tivity, stability, and pH-dependent dissolution characteristics.®

CaPs are currently used as synthetic bone substitute
materials since their composition resembles the mineral
phase of bone. This mineral phase of the extracellular bone
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matrix consists of platelet-like hydroxyapatite (HA) crystals of
few nanometers in thickness and several tens of nanometers
in length." Moreover, HA is well known for its capability to
bind to a wide variety of molecules and therapeutic agents,
which is attributed to its surface-reactive hydrated layer® and
the presence of available surface ionic sites such as calcium
cations and phosphate anions.® Additionally, when compared
to other inorganic nanocarriers for drug delivery (e.g. silica,
quantum dots, carbon nanotubes, and magnetic particles), HA
nanoparticles exhibit excellent biocompatibility and low tox-
icity, while these particles can be produced and stored in a
facile manner at low cost.>”

Platinum (Pt)-based chemotherapeutics such as cisplatin
are commonly used for treatment of bone cancer since these
compounds induce cancer cell apoptosis by binding to DNA
and forming Pt-DNA adducts.®>® Recently, HA nanoparticles
have been reported as suitable nanocarriers for local delivery
of novel Pt compounds functionalized with HA-binding
bisphosphonate or pyrophosphate ligands.'®"®> These HA-
binding ligands influenced both the loading of platinum onto
and subsequent release from HA nanocrystals.'™'* These find-
ings suggest that HA nanoparticles retain these bisphospho-
nate or pyrophosphates ligands at their surface and release
chemotherapeutically active derivatives of the Pt compounds.
As such, Pt-loaded HA nanocarriers potentially not only can
deliver their cargo at the tumor sites in a controlled manner,
but also may improve the cytotoxicity of the unmodified com-
plexes; consequently, they can be considered as platinum
prodrugs.'***

Here, we explore the feasibility of local release of kiteplatin,
[PtCl,(cis-1,4-DACH)] (DACH = diaminocyclohexane), or its
solvato-species from HA nanoparticles. Kiteplatin is known for
its robust anticancer activity against cisplatin- and oxaliplatin-
resistant cell lines owing to the formation of more effective
adducts with target DNA.'®'” Recently, Curci et al. reported
novel kiteplatin-pyrophosphate compounds (i.e. [Pt(dihydro-
genpyrophosphate)(cis-1,4-DACH)], PtPP; Fig. 1A), which are
stable at physiological pH, but rapidly hydrolyze at acidic pH
releasing chemotherapeutically active kiteplatin species.'® In
addition, PtPP were activated intracellularly, producing kitepla-
tin species capable of platination of DNA upon substitution of
the pyrophosphate ligand.'® Thus, here we sought to asses if
PtPP-loaded HA nanoparticles can be used as a smart pH-
responsive delivery vehicle exerting strong inhibitory effects
against cancer cells at a very low therapeutic dose in vivo.

To confirm the therapeutic efficacy of PtPP-loaded HA
nanoparticles, various models can be used for screening of
potential anticancer drugs. Conventionally, immunocompro-
mised murine models have been used to understand the
biology of metastasis, identify the role of oncogenes, and study
the effects of chemotherapeutic drugs in vivo.>® Nevertheless,
several drawbacks are associated with the use of these models
including the long duration for engraftment of tumor cells, the
high amounts of cancer cells and drugs required, and the
incompatibility with high-throughput drug screening.”’ In
view of this, zebrafish models have been advocated recently as
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an alternative model to study tumor development, tumor pro-
gression, metastasis, and drug screening.***' Zebrafish
embryos are also increasingly used to explore the toxic and
phenotypic effects of nanoparticles for their application in
biomedicine.**** However, zebrafish embryos have not been
used for direct evaluation of the therapeutic efficacy of drug-
loaded HA nanoparticles. Therefore, here we used for the first
time an embryonic zebrafish xenograft model to investigate
the application of PtPP-loaded HA nanoparticles to deliver
active kiteplatin species in vivo.

Herein, we select human breast cancer cells
(MDA-MB-231_eGFP) to investigate the anticancer activity of
PtPP-loaded HA nanoparticles, since bone metastases fre-
quently originate from primary breast tumors. The colloidal
stability of platelet-shaped HA nanoparticles was improved
using sodium citrate (Cit) as an effective dispersant.*® The
release kinetics of Pt from PtPP-loaded HA nanoparticles were
shown to depend on pH, while the anticancer activity of these
releases against cultured breast cancer cells was confirmed
in vitro. Co-injection of free PtPP with breast cancer cells into
embryonic zebrafish reduced the number of cancer cells at 2
days post injection (dpi) in vivo. Finally, we confirm the
capacity of PtPP-loaded HA nanoparticles to decrease tumor
cells in vivo, as evidenced by reduction of cancer cell survival
in embryonic zebrafish in a manner comparable to systemic
delivery of PtPP.

Results

Synthesis and characterization of PtPP-loaded HA
nanoparticles

Platelet-shaped HA nanoparticles were synthesized according
to established procedures.’*® HA nanoparticles were charac-
terized by means of X-ray Diffraction (XRD) and Fourier-
Transform Infrared Spectroscopy (FTIR) (Fig. S11) which con-
firmed that they are composed of HA pure phase. Adsorption
of citrate ions onto HA nanoparticles endows them with a
strongly negative surface charge, thereby enhancing the col-
loidal stability of HA nanoparticles (Fig. S21). The stability of
citrate-functionalized HA nanoparticles remained almost
similar over a period of 8 weeks (Table S1t). Transmission elec-
tron microscopy (TEM) images confirmed the presence of clus-
tered platelet-shaped HA (Fig. 1B) as compared to dispersed
platelet-like HA nanoparticles upon adsorption of citrate
(HA-Cit) (Fig. 1C).
[Pt(dihydrogenpyrophosphate)(cis-1,4-DACH)] (PtPP) was
synthesized as reported previously.'® We investigated the influ-
ence of citrate addition on drug loading efficiency in more
detail by adsorbing (i) citrate first (CF), (ii) drug first (DF), or
(iii) simultaneous addition of citrate and drug (S). Further, the
effect of PtPP loading on the physicochemical properties of HA
nanoparticles was studied by measuring their particle size,
polydispersity index and zeta potential (Fig. S2f and
Table S2) using Dynamic Light Scattering (DLS) and laser
doppler electrophoresis. Adsorption of the drug prior to citrate
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Fig. 1 Characterization of PtPP-loaded HA nanoparticles. (A) Chemical structure of [Pt(dihydrogenpyrophosphate)(cis-1,4-DACH)] (PtPP). TEM
images of synthesized HA nanoparticles with (B) platelet-shaped morphology and (C) HA nanoparticles stabilized using citrate as dispersant (scale
bar = 500 nm). (D) Cumulative release (%) of Platinum (Pt) and Calcium (Ca) from PtPP-loaded HA nanoparticles at pH 6.5 and 7.4. ****P < 0.0001.

resulted in a colloidally stable system with a particle size of
183 nm and the highest drug loading efficiency (8.9 +
0.7 wt%). Consequently, PtPP was adsorbed prior to citrate in
further experiments.

Acidic pH accelerates Pt and Ca release from HA nanoparticles

Pt and Ca release from HA nanoparticles functionalized with
citrate ions and loaded with PtPP was monitored over a period
of 7 days at 37 °C for different pH values (6.5 and 7.4; Fig. 1D
and Table S37). The lower pH value (6.5) was selected to mimic
the acidic cancer microenvironment.’”*® Pt release was not
accelerated under acidic conditions at 24 h, but after 72 h
more Pt was released from the HA nanoparticles at acidic vs.
neutral conditions. The calcium release profile clearly demon-
strated that more calcium was released at 24, 72 and 168 h
under acidic vs. neutral conditions, which was attributed to
the higher solubility of HA nanoparticles at lower pH.
However, the difference in Pt or Ca release at varying pH is
only statistically significant at 72 h.

PtPP is cytotoxic for human breast cancer cells in vitro

Potential cytotoxic effects of Pt drugs were evaluated with human
breast (MDA-MB-231_eGFP) cancer cells, which are known to
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metastasize to bone.*® The CCK-8 assay was used to determine the
effects of Pt drugs on cell viability (after 72 h of exposure time).
The anti-proliferative activity of Pt drugs was measured by quantify-
ing DNA content after performing the CCK-8 assay. Half maximal
inhibitory concentrations (ICs), calculated from the dose-survival
curves, are shown in Fig. 2A-D.

Fig. 2A shows that breast cancer cells viability was reduced
most efficiently by kiteplatin (IC5, of 18.9 pM) followed by cisplatin
(IC50 of 28.1 pM) and PtPP (ICs, of 73.7 uM). Based on the prolifer-
ation assay, cisplatin (ICso = 13.1 pM) and kiteplatin (ICso =
12.1 uM) exhibited comparable ICs, values for breast cancer cells,
whereas PtPP (IG5, = 36.3 pM) were less cytotoxic (Fig. 2B).
Contrarily, PtPP reduced the viability of the cancer cells more effec-
tively at reduced pH. Fig. 2C shows that the ICs, of PtPP reduced
by a factor of ~2 by decreasing the pH from 7.4 to 5.5. Based on
the proliferation assay, exposure of PtPP to acidic conditions
decreased the ICs, values by a factor of ~2 and ~4 (relative to
neutral pH) at pH values of 6.5 and 5.5, respectively (Fig. 2D).

PtPP-loaded HA nanoparticles reduce proliferation of human
breast cancer cells by releasing Pt in vitro

The viability and proliferation of breast cancer cells exposed to
Pt species released from PtPP-loaded HA nanoparticles was

This journal is © The Royal Society of Chemistry 2020
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In vitro effects of Pt compounds on human breast cancer cells. Viability (A) and proliferation (B) of breast cancer cells as a function of cispla-

tin, kiteplatin and PtPP concentrations. Viability (C) and proliferation (D) of breast cancer cells treated with PtPP at pH 5.5, 6.5 and 7.4 Viability (E)
and proliferation (F) of breast cancer cells treated with Pt released from PtPP-loaded and citrate-functionalized HA nanoparticles. ***P < 0.001.

assessed at pH 6.5 and 7.4. For both assays, data were normal-
ized against Pt-free HA nanoparticles as negative control.*’
Viability and proliferation of breast cancer cells treated with
Pt-free HA nanoparticles and no treatment control are pro-
vided in Tables S4 and S5.} Pt release concentrations at both
PpH conditions, are shown in Table 1.

Viability of breast cancer cells remained high (~90%) irre-
spective of the culturing time or pH upon exposure to Pt
releases (Fig. 2E). The proliferation of breast cancer cells, on
the other hand, was reduced significantly by Pt species
released from PtPP-loaded HA nanoparticles (Fig. 2F),
especially at acidic conditions. These results clearly show that
active Pt species were released under acidic conditions,

This journal is © The Royal Society of Chemistry 2020

Table 1 Pt release concentrations from PtPP-loaded HA nanoparticles

Pt Concentration (uM)

pH

24 h 72 h
7.4 14.8 £ 0.1 25.5+ 0.1
6.5 13.3+0.1 27.4+0.3

thereby inhibiting cell proliferation. Summarizing, our in vitro
cell culture and Pt quantification data evidently confirm that
the cytotoxicity of Pt species released from PtPP-loaded HA
nanoparticles is modulated by the local pH, which we attribute

Nanoscale, 2020, 12, 13582-13594 | 13585
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to the formation of chemotherapeutically active kiteplatin
species.

PtPP reduces breast cancer cell survival in vivo

Previously characterized embryonic zebrafish xenograft model
from our group was utilized to evaluate the in vivo efficacy of
PtPP on breast cancer cells (MDA-MB-231_eGFP).>* Upon injec-
tion of breast cancer cells at the Duct of Cuvier, cancer cells
migrated via the blood throughout the embryo as observed by
fluorescent microscopy while few cancer cells exhibited extra-
vasation by forming huge protrusions near the vessel wall
thereby migrating towards the avascular region (Fig. S3t). For
analyzing the efficacy of PtPP in the zebrafish model, first, we
observed that PtPP did not induce phenotypic defects in
embryos as compared to untreated embryos at Pt concen-
trations up to 500 uM (data not shown). Subsequently, in vivo
experiments were carried out by (i) direct addition of PtPP into
the medium surrounding embryos hosting human breast
cancer cells, or (ii) by co-injecting the Pt-based drug together
with breast cancer cells into zebrafish embryos. A significant
reduction in the number of breast cancer cells (indicated in
green in Fig. 3A) was observed 2 days after direct addition of
30 uM PtPP (29.0 + 4.7) or co-injection of 20 pM PtPP (41.7 +
5.5) as compared to untreated Pt-free controls (79.1 + 5.1)
(Fig. 3B). In addition, direct exposure and co-injection dis-
played similar therapeutic efficacy (difference between both
groups was not statistically significant). Pt concentrations
inside embryos hosting breast cancer cells were measured
using high-resolution inductively coupled plasma-mass spec-
trometry (ICP-MS). These tests revealed that Pt was detected in
embryos at 2 days post treatment, whereas Pt was not detected
in untreated controls (Fig. S4t). Additionally, PtPP and cispla-
tin induced statistically similar ototoxic effects on the embryos
at a concentration of 30 um, as revealed by staining for and
quantification of lateral line neuromast cells (Fig. S5A and Bf).
However, no neurotoxic effects were observed for both cisplatin
and PtPP based on TUNEL/HuCD staining in brains (Fig. S6A
and BY).

Biodistribution of fluorescently labeled HA nanoparticles in
zebrafish embryos

To investigate the colloidal stability and biodistribution of
citrate-functionalized (HA-Cit) nanoparticles in vivo, nano-
particles were tagged with a fluorescently labeled bisphos-
phonate AF647-zoledronate (in red) (BioVinc; Fig. S77).
Fluorescently labeled HA-Cit nanoparticles were microinjected
into zebrafish embryos to monitor their biodistribution using
confocal microscopy and determine potential phenotypic
defects induced by these nanoparticles. As shown by Fig. 4,
citrate-free HA nanoparticles (indicated in red) accumulated in
casper embryos at the site of injection without homogeneous
spreading throughout the zebrafish embryo via the blood-
stream. On the other hand, citrate-functionalized HA nano-
particles spread throughout the embryo for concentrations
ranging between 150-500 pug ml~" without inducing phenoty-
pic defects.

13586 | Nanoscale, 2020, 12, 13582-13594
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PtPP-loaded HA nanoparticles decreases breast cancer cell
survival in vivo

To investigate whether PtPP-loaded HA nanoparticles released
Pt to impart chemotherapeutic effects similar to direct
addition of PtPP, zebrafish embryos were treated by co-injec-
tion of breast cancer cells together with freshly prepared PtPP-
loaded HA nanoparticles. At 2 days post injection, embryos co-
injected with eGFP-labeled breast cancer cells and PtPP-loaded
HA nanoparticles showed a significant decrease in cancer cell
number (30.9 + 5.1) as compared to untreated zebrafish
embryos hosting cancer cells (58.2 + 5.2) as shown in Fig. 5A
and B. These observations indicate that the zebrafish model
can be used as a screening platform to verify the chemothera-
peutic efficacy of drug-loaded HA nanoparticles in vivo in a
simple and straightforward manner.

Discussion

HA nanoparticles can serve as local drug carriers e.g. for the
prophylaxis of bone disorders such as bone metastases.*" Prior
to clinical application of drug-loaded HA nanoparticles,
absorption and release of drugs from HA nanoparticles should
be studied in detail using in vivo models. Here, we investigated
- for the first time - the preclinical activity of drug-loaded HA
nanoparticles to release active therapeutic species in vivo
(similar to free drugs) against human breast cancer cells using
an embryonic zebrafish xenograft model. Our study confirmed
the inhibitory effects of PtPP-loaded HA nanoparticles on
breast cancer cells at a very low therapeutic dose in vivo.

HA nanoparticles should be monodispersed and colloidally
stable to facilitate reproducible local delivery in vivo. The col-
loidal stability of platelet-shaped HA nanoparticles was
improved using sodium citrate. Citrate anions are effective dis-
persants for HA nanoparticles owing to their low toxicity,
strong binding affinity for calcium ions and great dispersing
efficacy.”®™**> However, citrate constitutes up to 5.5 wt% of the
organic content of bone, and strongly attaches to the surface
of HA. In order to exclude the influence of citrate addition on
drug loading efficiency, the physicochemical properties of
PtPP-loaded HA nanoparticles were studied by measuring their
particle size, polydispersity index and zeta potential confirm-
ing colloidally stable nanoparticles until 8 weeks. Pt release
kinetics from PtPP-loaded HA nanoparticles was dependent on
pH after 72 h, whereas Ca release kinetics confirmed dis-
solution of HA nanoparticles at acidic pH. These results are in
line with recent findings which showed that lower pH values
trigger dissolution of HA nanoparticles and release of kitepla-
tin chemisorbed on their surface.*®

Although conventional in vitro and other 3D tumor models
have been used for high-throughput screening of nano-
particles and to study its effect, the complexity and dynamics
involved in the in vivo system cannot be mimicked. In this
regard, recent studies show zebrafish being used as model to
understand tumor progression, metastasis and dissemina-
tion.”” Zebrafish models mimic the biological complexity and

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Effect of direct addition or co-injection of PtPP on zebrafish embryo hosting breast cancer cells. (A) Representative images of zebrafish
embryo expressing vascular marker Tglkdrl:Has.HRAS-mCherry) in casper background hosting eGFP labeled breast cancer cells
(MDA-MB-231_eGFP) at 2 days post injection: in contrast to untreated Pt-free controls, direct addition of 30 pM PtPP (center) and co-injection of
20 uM PtPP (bottom) revealed a reduction in breast cancer cell number. Vasculature is indicated in magenta and breast cancer cells are depicted in
green. White arrowheads correspond to presence of cancer cells in the respective regions. Scale bar: 500 um. (B) Manual quantification of cancer
cells at 2 days post injection revealing a significant reduction of breast cancer cell number in PtPP-treated embryos compared to controls. Plot rep-
resents mean + SEM. Statistical analysis: one-way ANOVA followed by Dunnett’s test for multiple comparisons. ****P < 0.0001.
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Fig. 4 Biodistribution of fluorescently labeled HA-Cit and HA nanoparticles in zebrafish embryo. Biodistribution of fluorescently labeled HA-nano-
particles (in red) injected in casper embryos at 2 days post injection (2 dpi). At concentrations between 150-500 pg ml™, all citrate-functionalized
HA-Cit nanoparticles (top) were spread homogeneously throughout the embryos, whereas citrate-free HA nanoparticles accumulated near the
injection site (bottom). HA nanoparticles are depicted in red, white arrowheads correspond to fluorescently labeled HA nanoparticles. Scale bar:

500 pm.

perfused conditions of the human tumor microenvironment
more closely than simple 2D in vitro systems. Moreover, they
allow for screening of functional cancer related-phenotypes,
cell migration, extravasation and invasion properties. In
addition, zebrafish models are more suitable for evaluation of
local delivery of drug-loaded nanoparticles, which cannot be
studied in 2D in vitro systems. Moreover, high-throughput
screening utilizing zebrafish models as compared to mice
models reduces the need for high amounts of tumor cells and
drug-loaded nanoparticles by 100x.

In our previous study, we utilized high resolution selective
plane illumination microscopy (SPIM) to characterize in
detail, the dissemination behavior of injected human breast
cancer cells in vivo.> Also, SPIM imaging allowed us to
monitor the cells in real time with high spatial and temporal
resolution, thereby analyzing the cancer cell behavior,
migration pattern, extravasation and invasion of tumor cells
into the zebrafish embryos. Also 80% of the injected cells
retained inside the larvae until 3 dpi, provided sufficient
window for the drug screening. Moreover, we have validated
the model for anti-leukemic drug and other studies have
shown a pre-treatment drug sensitivity platform for patient-
derived multiple myeloma and breast tumor cells in zebra-
fish xenografts.>*>%*849

In the current study, we have utilized the previously charac-
terized breast metastatic zebrafish embryonic xenografts for

13588 | Nanoscale, 2020, 12, 13582-13594

testing the efficacy of PtPP-loaded HA nanoparticles as local
drug carriers. Previous studies described that zebrafish
embryos can be employed to test the toxic effects of HA nano-
particles with different shapes, albeit in an indirect manner.
These studies also showed that upon indirect exposure to HA
nanoparticles, the morphology and phenotype of zebrafish can
be modulated, thereby delaying their development.*%>%>* Also,
aggregation of HA around the membrane protein was observed
causing limited toxicity to the treated embryos.”> However,
these studies investigated nanoparticle toxicity indirectly
without microinjection of HA nanoparticles into zebrafish
embryos. Therefore, we microinjected HA-Cit nanoparticles
into zebrafish embryos in the current study. Direct injection of
colloidally stable HA nanoparticles into zebrafish embryo did
not induce any phenotypic abnormalities. To our knowledge,
this report shows for the first time that colloidally stable HA
nanoparticles (150-500 pg ml™') can be microinjected into the
blood circulation through the duct of Cuvier (DoC) of zebrafish
embryo. Interestingly, the biodistribution of citrate-functiona-
lized and fluorescently dyed HA-nanoparticles revealed a strik-
ing similarity with the distribution pattern of injected cancer
cells, thereby confirming distribution of nanoparticles through
the vasculature system.>>*® Similarly, zebrafish embryos were
also employed in other studies to characterize ultrabright fluo-
rescent silica nanoparticles for targeting of xenografted
human epithelial cancer cells.>?

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Effect of PtPP-loaded and citrate-functionalized HA nanoparticles (PtPP-HA-Cit) nanoparticles on survival of breast cancer cells in vivo. (A)
Zebrafish embryo expressing vascular marker Tg(kdrl:Has.HRAS-mCherry) in casper background injected with eGFP-labeled breast cancer cells
(MDA-MB-231_eGFP) at 2 days post injection. Co-injection of 300 pg ml™ of PtPP-loaded HA nanoparticles and breast cancer cells (bottom)
decreased cancer cell numbers as compared to untreated controls (top). Vasculature is shown in magenta and breast cancer cells are depicted in
green. White arrowheads indicate the presence of cancer cells. Scale bar: 500 pm. (B) Manual quantification of cancer cell number at 2 days post
injection indicating that PtPP-loaded HA nanoparticles reduced survival of breast cancer cells in zebrafish embryos as compared to untreated con-
trols. Plot represents mean + SEM. Statistical analysis: two-tailed Mann Whitney U Test. **P < 0.01.

Previously, the anti-cancer activity of PtPP has been demon-
strated on a broad range of cancer cells in vitro comparable to
oxaliplatin."®'® Consequently, PtPP displayed strong anti-pro-
liferative activity against breast cancer cells at reduced pH, but
the anti-proliferative activity of PtPP was substantially inferior
to cisplatin and kiteplatin at neutral pH. This poor chemother-
apeutic activity of PtPP under neutral conditions is attributed
to the slow release of Pt from PtPP at neutral pH.'® On the
other hand, the anti-proliferative activity of PtPP increased
by a factor of 4 by lowering the pH from 7.4 to 5.5. These
results confirm previous in vitro findings indicating that
PtPP readily reacts with 5-GMP (used as a model of nucleic
acids) at acidic conditions, which means that chemothera-
peutically active Pt species are formed at lower pH.'® The
combined evidence of the CCK-8 and proliferation assays
clearly confirmed that PtPP exhibits anti-proliferative effects
on breast cancer cells particularly at reduced pH. Similarly,
the Pt releasates from PtPP-loaded HA nanoparticles exhibi-
ted only anti-proliferative effect on breast cancer cells at
reduced pH. This could be attributed to the lower concen-
tration of PtPP in the Pt releasates which was not sufficient
to impart a significant effect on viability of breast cancer

This journal is © The Royal Society of Chemistry 2020

cells. The observed results were consistent with the ICs,
values observed for PtPP at pH 6.5 and 7.4. Moreover, the
possible toxic effects of PtPP on non-cancerous cells such as
bone marrow stem cells have been addressed by Barbanente
et al>* Interestingly, PtPP released kiteplatin species which
effectively suppressed cancer cells within a specific thera-
peutic window (between 11 and 28 pM), while cytotoxicity to
bone marrow stem cells was reduced in vitro.>*

To confirm our findings in vivo, we injected breast cancer
cells and treated them with PtPP either directly or via co-injec-
tions. Two different exposure methods were employed to
confirm the effect of PtPP on tumor cells in vivo. Additionally,
this strategy revealed the minimum PtPP loading concen-
trations to impart similar antitumor effects. Concurrent with
our in vitro results, our in vivo results confirmed that PtPP
delivery led to a significant reduction in the number of breast
cancer cells following both direct addition or co-injection into
zebrafish. Using ICP-MS, we further affirmed that the
reduction in cancer cells was due to the presence of Pt within
the zebrafish embryos. However, with the direct exposure, we
encountered survival issues with the injected embryos.
Interestingly, direct exposure of free PtPP in zebrafish embryos

Nanoscale, 2020, 12,13582-13594 | 13589
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(without any injection of cancer cells) up to 500 uM did not
induce any reduced survival or phenotypic abnormalities.
However, survival of zebrafish embryos injected with breast
cancer cells and 30 pM free PtPP treatment was considerably
reduced. This may be related to indirect effects mediated by an
inflammatory response reminiscent of the clinically know
tumor lysis syndrome.

Similarly, co-injection of PtPP loaded, citrate functionalized
HA nanoparticles effectively reduced the breast cancer cells
in vivo compared to controls confirming effective release of Pt.
The PtPP loaded HA nanoparticles were co-injected, since
injection of cancer cells and nanoparticles separately (double
injections) inside the embryo caused edema and reduced sur-
vival of the embryos. These in vivo results were compared with
our in vitro results to validate our in vivo model. ICs, values for
free PtPP ranged between 17 pM and 35 uM at pH 6.5 and pH
7.4, respectively. Interestingly, the concentration of free PtPP
required to reduce tumor cell survival in zebrafish embryo
(where pH varies between 6.6-8.2)>> was found to be in the
similar range of 20-30 pM, which seem to confirm the validity
of the zebrafish model. Nevertheless, direct comparison
between in vitro and in vivo data is not feasible for PtPP-loaded
HA nanoparticles, since the concentration of Pt released
in vivo is unknown. Still, based on the in vitro Pt release profile
of PtPP-loaded HA nanoparticles, it can be derived that a
maximum Pt concentration of 33 pM (111 pM of PtPP in
300 pg ml™' of PtPP-loaded HA nanoparticles) was released
after 24 h, thereby reducing cancer cells by 50%, as also
observed in vitro at reduced pH. The in vivo study represents
free PtPP exhibiting similar efficiency as PtPP-loaded HA nano-
particles in vivo. However, it should be stressed that drug-
loaded HA nanoparticles allow for local instead of systemic
drug delivery applications. As compared to systemic delivery of
chemotherapeutic drugs, this local approach allows to increase
therapeutic efficacy and reduce undesired systemic side
effects.

Our study showcased the feasibility of PtPP-loaded HA
nanoparticles to reduce tumor cells in vivo using a zebrafish
model. Nevertheless, several challenges remain to be solved
before clinical translation can be considered. First, detailed
studies are required to provide evidence for the mechanisms
of action, including investigations on nanoparticle internaliz-
ation and the involvement of different host-immune com-
partments towards the incoming nanoparticles. More impor-
tantly, the host niche and microenvironmental cues are
unknown, and thus, engrafted tumor cells are exposed to a
completely different biological environment. In addition, the
current model only provides insight on the short-term effect
of nanoparticle-based drug formulations on tumor cell viabi-
lity in a xenogenic transplant in vivo setting. Therefore,
further investigations on the feasibility of PtPP-loaded HA
nanoparticles for local treatment of bone metastases should
be performed in small and large bone metastasis animal
models. Nevertheless, zebrafish models offer new opportu-
nities to study the efficacy of nanoparticles as therapeutic
agents in cancer treatment.
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Conclusion and outlook

Herein we evaluated the capacity of novel PtPP-loaded HA
nanoparticles to reduce breast cancer cells in vitro and in vivo
using a zebrafish xenograft model. Overall, we show that the
embryonic zebrafish model is suitable to monitor biodistribu-
tion of colloidally stable drug-loaded HA nanoparticles and to
show effective reduction of cancer cells in vivo. This new
technology offers a versatile platform for screening of drug-
loaded HA nanoparticles to facilitate subsequent validation in
further preclinical models. Most importantly, we show that
PtPP-loaded and citrate-functionalized HA nanoparticles effec-
tively decrease breast cancer cells survival both in vitro and
in vivo in a similar manner to free PtPP. However, the che-
motherapeutic potential of PtPP-loaded HA nanoparticles for
treatment of bone metastases should be studied in future
in vivo tests using clinically relevant animal models.

Experimental section
Materials and methods

Commercial reagent-grade chemicals and solvents were used
as received without further purification. Milli-Q water was
used to dissolve the compounds. All other reagents were pur-
chased from Sigma-Aldrich.

Synthesis of hydroxyapatite nanoparticles

Platelet-shaped HA nanoparticles were synthesized according
to a method reported by Liou et al.*® and Iafisco et al." Briefly,
apatite nanocrystals were precipitated from a suspension of Ca
(CH3CO0), (83 mM) by slow addition (1 drop s-1) of an
aqueous solution of H;PO, (50 mM) at a stoichiometric Ca/P
ratio (1.67), keeping the pH at a constant value of 10 by the
addition of a 25% (NH,)OH solution at 25 °C. The reaction
mixture was stirred at room temperature for ~24 h, after which
stirring was stopped and the mixture was left standing for 2 h
to allow sedimentation of the nanoparticles. Subsequently, the
suspension was centrifuged (2500g for 10 min, Eppendorf
Centrifuge 5804 R, Hamburg, Germany) in Falcon 50 mL
conical centrifuge tubes and washed with Milli-Q three times.
Approximately half of the reaction product was suspended in
Milli-Q water (39.3 mg mL) while the rest was lyophilized (no
cryoprotectant applied; Freezone 4.5, Labconco, USA) for
~24 h.

Preparation and characterization of kiteplatin-pyrophosphate
(PtPP)

[Pt(dihydrogen pyrophosphate)(cis-1,4-DACH)] was prepared as
reported previously.'® Anal. Calc. for [Pt(dihydrogenpyropho-
sphate)(cis-1,4-DACH)] (C¢H;6N,O,P,Pt, M,, = 485.23 ¢ mol™"):
C, 14.84%; H, 3.32%; N, 5.77%. Found: C, 14.96%; H, 3.32%;
N, 5.77%. The spectroscopic characterization of the platinum
complex was consistent with data reported."®

This journal is © The Royal Society of Chemistry 2020
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Stabilization of HA nanoparticles

Citrate-functionalized HA nanoparticles were prepared by treating
freshly prepared 30 mg of HA nanopatrticles (4.5 mL of suspension)
with 89.7 mg of sodium citrate (Cit), with a final citrate concen-
tration of 67 mM. The suspensions were stirred at room tempera-
ture for 2 h, subsequently washed twice by centrifugation (2500,
5 minutes). Subsequently, the HA-Cit suspension was transferred
to tubular cellulose membrane (length: 10 cm; diameter: 22 mm;
cutoff: 3500 Da) and dialyzed against ultrapure water for 24 h to
eliminate the unbound citrate.

Evaluation of the effect of citrate functionalization on drug
adsorption

Three different adsorption procedures were explored to deter-
mine the effect of citrate adsorption on colloidal stability of
HA nanoparticles and drug loading efficiency.

a. Citrate first (CF): 30 mg of HA (2.07 mL of suspension)
were mixed with 89.7 mg of Na;C;H;0(COO); at a final citrate
concentration of 67 mM. The suspensions were stirred at room
temperature for 2 h, subsequently washed twice by centrifu-
gation (2500g, 5 minutes). 4.5 mg of PtPP were dissolved in
2.43 mL of water and mixed with the HA-Cit suspension. The
suspension was kept under agitation at 37 °C for 24h.
Thereafter, the PtPP-HA-Cit suspension was transferred to a
tubular cellulose membrane (length: 10 cm; diameter: 22 mm;
cutoff: 3500 Da) and dialyzed against a large excess of ultra-
pure water for 24 h to eliminate the unbound citrate and drug.

b. Drug first (DF): 4.5 mg of PtPP were dissolved in
2.43 mL of water and mixed with 30 mg of HA (2.07 mL of sus-
pension). The suspension was kept under agitation at 37 °C
for 24h, and subsequently washed twice by centrifugation
(2500g, 5 minutes). Afterwards, the PtPP-HA suspensions were
mixed with 89.7 mg of Na;C3;H;0(COO); and stirred at room
temperature for 2 h. Subsequently, the PtPP- and citrate-
treated HA nanoparticle suspension was transferred to a
tubular cellulose membrane (length: 10 cm; diameter: 22 mm;
cutoff: 3500 Da) and dialyzed against a large excess of ultra-
pure water for 24 h to eliminate the unbound citrate and drug.

c. Simultaneous (S): 30 mg of HA (2.07 mL of suspension)
were mixed with 89.7 mg of Na;C;H50(COO);. 4.5 mg of PtPP
were dissolved in 2.43 mL of water and mixed with the HA sus-
pension. The suspension was kept under agitation at 37 °C for
24 h. Subsequently, the suspension transferred to a tubular
cellulose membrane (length: 10 cm; diameter: 22 mm; cutoff:
3500 Da) and dialyzed against a large excess of ultrapure water
for 24 h to eliminate the unbound citrate and drug.

Finally, the nanoparticles were freeze-dried, dissolved in
2% HNO; aqueous solution and analyzed by ICP-OES in order
to determine Ca, P ad Pt content using ICP-OES. In addition,
supernatants from the various washing steps were analyzed as
well using ICP-OES.

Preparation of drug-loaded HA nanoparticles

PtPP was loaded onto freshly prepared HA nanoparticles based
on the drug first method as reported above. Briefly, 4.5 mg of

This journal is © The Royal Society of Chemistry 2020
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PtPP were dissolved in 2.43 mL of water and mixed with 30 mg
of HA (2.07 mL of suspension). The suspension was kept
under agitation at 37 °C for 24 h, and subsequently washed
twice by centrifugation (2500g, 5 minutes). Afterwards, the
PtPP-HA suspensions were mixed with 89.7 mg of Na;C;Hs0
(CO0); and stirred at room temperature for 2 h. Subsequently,
the PtPP-loaded HA suspension was transferred to a tubular
cellulose dialysis membrane (length 10 cm; diameter 22 mm;
cutoff 3500 Da) and dialyzed against a large excess of ultrapure
water for 24 h to eliminate the unbound citrate and drug. The
total adsorption of Pt-pyrophosphate complexes onto HA nano-
particles was quantified after dissolving 1 mg of drug-loaded
HA NPs in 2 wt% nitric acid. After complete dissolution of
these drug-loaded NPs, the Ca and Pt concentrations were
determined by ICP-OES analysis.

Drug release from HA nanoparticles

The freshly prepared drug-loaded HA nanoparticles were
washed twice with Milli-Q water. 30 mg of PtPP-loaded HA
nanoparticles were mixed in a glass tube with 10 mL of HEPES
buffer (100 mM) at pH 7.4 or 6.5 to study the effect of pH of
the release media on drug release kinetics. After 15 s of treat-
ment in a vortex apparatus, the apatite suspension was main-
tained in an incubator at 37 °C shaking at 200g. At scheduled
times, the supernatant (separated from the solid phase follow-
ing 6 min of centrifugation at 2500g) was removed to deter-
mine Pt and Ca concentrations using ICP-MS, and replaced
with fresh buffer. Cumulative Pt release was calculated relative
to the total amount of Pt adsorbed onto HA nanoparticles. The
values are represented as mean + standard deviation (n = 4).
The data are expressed in terms of M/M;, x 100, where M is
the platinum complex released in ng mL™" at the measured
time point, and M, is the total chemisorbed complex (the
initial amount of complex effectively bound to the HA-Cit).

In vitro cytotoxicity studies

PtPP was used in the in vitro cell culture experiments together
with cisplatin as clinically used reference compound and kite-
platin. All solutions of the Pt compounds were prepared at
different concentrations from a 5 mM stock solution, which
was freshly prepared in Milli-Q water before use. The cytotoxic
effect of the compounds was tested in vitro against a human
breast cancer cell line (MDA-MB-231_eGFP). The cell line was
maintained at 37 °C with 5% CO, in log phase and cultured
using DMEM medium (Gibco) supplemented with 10 (v/v) %
fetal bovine serum (FBS, Lonza) and 1% G418 antibiotic.

Preparation of releasates from drug-loaded hydroxyapatite
nanoparticles

To assess the cytotoxic effect of Pt compounds released from
PtPP-loaded HA nanoparticles, 30 mg of PtPP-loaded HA nano-
particles were incubated at acidic pH 6.5 (HEPES buffer,
100 mM) or at physiological pH 7.4 (HEPES buffer, 100 mM) to
mimic the acidic tumor environment and normal physiological
conditions, respectively. After 15 s of vortexing, the HA suspen-
sions were placed in a bascule bath at 37 °C. After scheduled

Nanoscale, 2020, 12,13582-13594 | 13591
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time points (24 h and 72 h), the releasates were collected from
the different buffer conditions by 2 minutes of centrifugation
at 15000g. The collected releasates (200 pL) were diluted to
2 mL of corresponding medium before the cell culture experi-
ment. Further, the amount of Pt released from the HA nano-
particles was quantified by ICP-MS.

CCK-8 assay

The metabolic activity of MDA-MB-231_eGFP cells was quanti-
fied as a measure for cell viability using the CCK-8 assay.>®
Briefly, 5 x 10° cells per well were seeded in 96-well plates with
200 pL of growth medium. After 24 h, the medium was
replaced with medium containing the Pt complex or the relea-
sates prepared in medium as described above. After 72 h of
incubation, each well was treated with 20 pl of 5 mM CCK-8
solution in 200 pul medium. The microplates were incubated at
37 °C for 2 h, after which the absorbance of each well was
measured at 450 nm using a microplate reader (Bio-Tek
Instruments, Inc.). 5% DMSO was used as positive control and
cells not subjected to any treatment or to drug-free HA nano-
particles were used as negative control. The mean absorbance
for each group was plotted based on the percentage of absor-
bance of the negative control. The values are represented as
mean + standard deviation (n = 4). For CCK-8 assay, cancer cell
viability was plotted over a range of concentrations to compare
the inhibitory concentration (ICs,) of PtPP with kiteplatin and
cisplatin (as commonly used Pt drugs). Data are represented
by mean + standard deviation (n = 4).

Proliferation assay

DNA content was quantified as a measure for cell proliferation
using the Quant-iT Picogreen dsDNA Kit (Invitrogen) accord-
ing to the instructions of the manufacturer. A DNA standard
curve was used to quantify the amount of DNA in each well
and the results were measured using a fluorescence microplate
reader (Bio-Tek Instruments Inc.) with an excitation wave-
length at 485 nm and an emission wavelength at 530 nm. A
standard curve was prepared in duplicate for each 96-well
plate. The PicoGreen (PG) dsDNA quantitation reagent was
diluted on the day of the experiment by making a 200-fold
dilution in 1x Tris-EDTA working solution. This PG working
solution was prepared with protection from light, as suggested
by the manufacturer. After performing CCK-8 assays, cells were
prepared by washing the cell layers twice with PBS and adding
200 pl Milli-Q water to each well, after which repetitive freezing
(=20 ©°C) and thawing (37 ©°C) cycles were performed.
Subsequently, 100 pl of either sample or standard was added
to the wells, followed by 100 pl of 1x PG solution. The plates
were incubated in the dark for 5 min at room temperature.
Following incubation, plates were read on a fluorescent micro-
plate reader (Bio-Tek Instruments, Inc.) with excitation and
emission settings of 485 and 538 nm, respectively. Results
were fitted to the DNA standard curve to determine DNA con-
centrations of the cells. To determine the percentage of pro-
liferation capacity of different treatment groups, the DNA con-
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centration were normalized to the negative controls. Data are
represented by mean + standard deviation (7 = 4).

In vivo studies

Animal care and handling: All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of the Federal Republic of Germany
(Tierschutzgesetz), approved by the Landesdirektion Sachsen
(DD24-5131/346/11 and DD24-5131/346/12) in accordance with
EU directive 2010/63/EU. The Casper strain of Danio rerio zeb-
rafish were maintained under standard conditions (28 °C in
E3 buffer) until 48 hours post fertilization (hpf) as described
previously.”” All animal experiments were conducted at larval
stages before the point of independent feeding and were in
agreement with the animal protection law (Tierschutzgesetz).
Cancer cells (MDA-MB-231_eGFP) were loaded in a glass capil-
lary and microinjected into the blood circulation via the duct
of Cuvier (DoC) of zebrafish lines (Casper’®® and Tg(kdrl:Has.
HRAS-mCherry))*® as described previously.”® Engrafted
embryos were maintained in a new Petri dish at 33 °C. Based
on the spreading of fluorescently labeled breast cancer cells in
the embryos at 2 hours post injection, embryos with breast
cancer cells in the blood circulation were selected for further
experiments.

Image acquisition and processing

For quantification, embryos were fixed in 4% paraformalde-
hyde at 4 °C overnight. Fixed embryos were imaged using
inverted confocal microscopy (Zeiss LSM 780) at 20x magnifi-
cation (whole embryos). Confocal stacks were converted to
maximum intensity projections using Image J (v 1.51h) for
representative images. The quantification of cancer cell survi-
val at 2 dpi was performed manually with confocal microscopy
by going through individual stacks.

Drug treatment and efficiency evaluation

The in vivo experiments were designed to initially confirm the
in vitro results on the antitumor efficacy of free PtPP using a
zebrafish model. This was crucial to confirm the antitumor
efficacy of free PtPP in vivo for first time. In addition, this
experimental design also enabled us to determine the
minimum concentration of PtPP required to induce antitumor
effects in vivo. PtPP concentrations were selected based on a
preceding pilot study in zebrafish embryos (data not pub-
lished). Preliminary results indicated a dose-dependent effect:
direct addition required a minimum of 30 uM free PtPP con-
centration to reduce the tumor cells whereas 20 pM of free
PtPP was sufficient to reduce the tumor cells when co-injected.
Unless specified otherwise, all stocks and working solutions
were prepared in water. For PtPP, a working concentration of
30 pM was prepared from 1 mM stock and added to
E3 medium containing embryos. For co-injections with cancer
cells, a 20 uM solution was used and injection volume of ~3-4
nl was used. For PtPP-loaded HA nanoparticles, a nanoparticle
concentration of 300 pg ml~" was prepared from a 1 mg ml™*
stock. Based on ICP-MS, the PtPP concentration was measured

This journal is © The Royal Society of Chemistry 2020
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as 370 pM for this 1 mg ml™" stock of PtPP-loaded HA nano-
particles. Cancer cell survival after each drug treatment, from
days 1-2 post-treatment, was assessed by fluorescence
microscopy and cell numbers were quantified manually.

Statistical analyses

All in vitro results are represented as mean + standard devi-
ation and in vivo results are represented as mean + sem.
Statistical analyses were performed using GraphPad Prism
(version 6.04) software. Differences among groups in the
adsorption and release studies were determined by two-way
analysis of variance (ANOVA) with post hoc Bonferroni (mul-
tiple comparisons) test. The statistical analysis of the CCK-8
assay and proliferation assay was performed by means of a
two-way ANOVA with a Dunnett (multiple comparisons) post
hoc test with cisplatin or hydroxyapatite treatment as control.
For all in vivo experiments, unless indicated otherwise, two-
tailed Mann-Whitney U test or one-way Analysis of Variance
(ANOVA) was performed followed by Dunnett’s post-hoc
method for multiple comparisons. For all statistical analyses, a
value of p was considered as significantly different if *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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