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H I G H L I G H T S

• Vaterite particles were loaded with the
photosensitizer Photosens used in PDT.

• The drug release process was triggered
by a CaCO3 crystal phase transitions.

• Release dynamics were found to be
sensitive to the environmental pH.

• The phase transitions speed up with
increasing particle size.

• This allows creation of a controllable
photosensitizer delivery system, releas-
ing its payload under acidy conditions.
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In photodynamic therapy (PDT), photosensitizers are required to arrive inhigh concentrations at selective targets
like cancer cells avoiding toxicity in healthy tissue. In this work, we propose the application of porous calcium
carbonate carriers in the form of polycrystalline vaterite for this task. We investigated the loading efficiency for
the photosensitizer Photosens in vaterite micro- and nanocarriers. A possible release mechanism depending on
the surrounding pH was studied, showing a fast degradation of the carriers in buffers below pH 7. These results
hold out the prospect of a novel PDT drug delivery system. Variation of particle size or additional coatings
allow custom-design of workload release curves. An intrinsic cancer-sensitivity can be expected from the
pH-dependent release in the acidic microenvironment of cancer tissue.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

One of the major challenge in nanomedicine is the development of
systems for targeted substance delivery, which requires understanding
of fundamental biochemical processes such as cellular uptake
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mechanisms [1,2] or intracellular transport [3], and also the intelligent
design of adequate carriers [4–6]. An effectivematrix for such a delivery
system is calcium carbonate (CaCO3) [7-10]. CaCO3 exists in three
different anhydrous crystalline polymorphs: calcite, aragonite, and
vaterite. Under standard conditions for temperature and pressure,
calcite is the stable phase, while aragonite and vaterite are themetasta-
ble forms that readily transform into the stable phase. Vaterite is an
ideal candidate for a drug delivery system because it has large porosity,
large surface area, and can decompose rapidly under relatively mild
conditions [10,11]. Vaterite is the least stable phase of CaCO3 since in
contact with water it slowly dissolves and recrystallizes to form calcite.
Previous studies described the possibility of synthesizing spherical
mono-dispersed vaterite particles in the size range from 2 to 10 μm
[11] and from 400 nm to 2.4 μm [12]. Vaterite containers allow for
different substance loading methods such as adsorption [13–15] and
co-precipitation [8,14]. A release mechanism based on a crystal phase
transition has recently been demonstrated [12,15,16]. Cytotoxicity and
influence on cell viability have been excluded in cell culture studies
with 400 nm vaterite containers. Apart from this efficient cellular
uptake of substance-loaded containers was observed [15].

To exploit vaterite containers as a drug delivery system in photody-
namic therapy (PDT), photosensitizers have to be incorporated, delivered
to the target, and released within the cells. Exposure to light at the
photosensitizers absorbance wavelength then induces singlet oxygen
generation, a photochemical reaction of type II [17,18]. The singlet
oxygen can oxidize cellular macromolecules like lipids, nucleic acids,
and amino acids leading to cancer cell apoptosis [19].

So far, the main negative side effect of PDT is caused by its insuffi-
cient selectivity of action: a high concentration of photosensitizer is
required for cancer treatment at the tumor site, but causes incidental
toxicity in healthy tissue. This side effect could be strongly reduced by
targeteddelivery to the region of interest. The proposed delivery system
will achieve this exploiting a pH-dependency of the carrier degradation
dynamics.

2. Materials and methods

2.1. Materials

Calcium chloride, sodium carbonateacetic acid, and sodium hydrox-
ide were purchased from Sigma-Aldrich and usedwithout further puri-
fication. The photosensitizer Photosens, a mixture of sulfonated
aluminum phthalocyanines AlPcSn, with n = 2, 3 or 4 (the mean
n = 3.1), was obtained from the Organic Intermediates and Dyes Insti-
tute (Moscow, Russia). It has strong absorption bands with a maximum
at 675 nm wavelength [20], and can be activated at 100 J/cm2 light
power [21]. It is applied in clinical practice since 2001 (Registration Cer-
tificateMinistry of Health of Russian FederationNo. 000199.01-2001) in
both diagnostics [22,23] and treatment, from lip, pharynx, larynx, and
tongue lesions to lung and esophageal tumor therapy [24–26].

2.2. Particle preparation and characterization

Spheroid-like calcium carbonatemicroparticles of 3.6 ± 0.5 μm size
were fabricated using a previously reported protocol [10]: 1 mL of
Na2CO3 (0.33 M) was loaded into a glass vessel, then an equal volume
of CaCl2 (0.33 M) was added and stirred at 500 rpm for 1 min. For the
preparation of sub-micron vaterite spheres with a size 650 ± 30 nm,
the protocol described in [12] was applied: the chosen concentrations
of CaCl2 and Na2CO3 were 0.33 M. Ethylene glycol (EG) was added to
this reaction solution (Na2CO3 and CaCl2 were dissolved each in 2 ml
water and 10 ml EG). The solution was stirred with 500 rpm at
room temperature for 3 h. The mixed solution turned opaque almost
instantly. The synthesized CaCO3 particles were carefully washed with
ethanol and dried for 30 min at 60 °C.

The drug Photosens was loaded into the obtained vaterite containers
by the adsorption method: 5 mg of dried CaCO3 particles were taken for
each sample, 1.5 ml of 0.5 mg/ml aqueous solution of the drug were
added. The adsorption took place during 2.5 h of shaking. Micron-sized
particles were centrifuged at 3200 ×g for 1 min, sub-micron particles
for 3 min. Afterwards the supernatants were removed and collected.

To study the morphology and microstructure, dried particles were
sputtered with gold and imaged with scanning electron microscopes
(SEM), a MIRA II LMU (Tescan) at an operating voltage of 20 kV and a
Phillips XL 30 at 5–30 keV.

2.3. Loading and release process

Optical studies of the loading process were performed using a two-
photon laser scanning microscope Ultima IV (Prairie Technologies)
with a 100 × objective (NA 1.0, water immersion, Olympus) and an
ultra-short pulsed laser (Mai Tai Deep SeeHP, Spectra-Physics) at an ex-
citation wavelength of 800 nm.

A spectrofluorometer (Cary Eclipse, Varian) was used to measure the
Photosens uptake efficiency and release profile. Theweight of the particle
samples was kept constant (5 mg) in all experiments. Some loss of con-
tainers during the washing may have occurred, but did not exceed a
few percent. As a measure of the amount of Photosens in solution, its
fluorescence intensity was recorded at 684 nm. A calibration curve was
obtained from fluorescence measurements of known concentrations of
Photosens. Then samples were diluted in water or buffer solution to en-
sure that measurements were within the linear range of the calibration
curve. The total amount of adsorbed molecules was deduced by
subtracting themeasured amount of unloaded andwashed-offmolecules
of the supernatant from the initial amount of 0.5 mg/ml of Photosens,
which had been added to the system.

To study the release of the drug under varying pH, a line of acetate
buffers from pH 4.5 to pH 7 was created. Vaterite containers loaded
with Photosens were suspended in these buffers (5 mg particles in
30 ml) and incubated at room temperature in carefully sealed centrifuge
tubes. After different incubation times (5 min to 6 days), the samples
were centrifuged at 2600 ×g for 3 min and the concentration of
the released Photosens in the supernatant was measured by
spectrofluorimetry. To study the calcium carbonate phase change
during the release process, samples were monitored by SEM. Sam-
ples were dried from 10 μl of particle suspension based on SEM
image analysis, the calcium carbonate phases were determinate via
their specific properties: vaterite being spherical and polycrystalline
(Fig. 1), calcite being a rhombohedral monocrystal (Fig. 2A), and
amorphous calcium carbonate showing up as non-regular structures
with grain sizes less than 20 nm (Fig. 2C, D).

3. Results and discussions

3.1. Particle loading

To study the influence of the carrier size on the loading efficiency,
two lines of the vaterite particles were synthesized: vaterite containers
with an average size of 650 ± 30 nm (hereafter referred to as “small”)
and of size 3.6 ± 0.5 μm (hereafter referred to as “big”). In 5 mg of
small particles 0.067 ± 0.007 mg of Photosens could be incorporated,
which amounts to 1.4 ± 0.4% (w/w). For big particles the uptake was
0.047 ± 0.003 mg, corresponding to 0.9 ± 0.2% (w/w). The loading ef-
ficiencies of big and small particles are comparablewhich proves a deep
internalization of the drug into the calcium carbonatematrix, a factor of
6 between small and big particle loading would reflect an adsorption
only to the external surface. These efficiencies are in the same order as
those of other substances loaded via adsorption into porous carriers
[8,27,28]. Scanning electron microscopy images and two-photon fluo-
rescent images of the loaded particles are presented in Fig. 1. The SEM
images in Fig. 1A and B show the spherical shape of the vaterite
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