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S. Gräfe • M. Epple

Received: 28 June 2009 / Accepted: 4 November 2009 / Published online: 19 November 2009

� Springer Science+Business Media, LLC 2009

Abstract The charge of nanoparticles influences their

ability to pass through the cellular membrane, and a posi-

tive charge should be beneficial. The negative charge of

calcium phosphate nanoparticles with an inner shell of

carboxymethyl cellulose (CMC) was reversed by adding an

outer shell of poly(ethyleneimine) (PEI) into which the

photoactive dye 5,10,15,20-tetrakis(3-hydroxyphenyl)-por-

phyrin (mTHPP) was loaded. The aqueous dispersion of the

nanoparticles was used for photodynamic therapy with

HT29 cells (human colon adenocarcinoma cells), HIG-82

cells (rabbit synoviocytes), and J774A.1 cells (murine

macrophages). A high photodynamic activity (killing)

together with a very low dark toxicity was observed for

HIG-82 and for J774.1 cells at 2 lM dye concentration.

The killing efficiency was equivalent to the pure photoac-

tive dye that, however, needs to be administered in alco-

holic solution.

1 Introduction

Photodynamic therapy is a clinical method for the treat-

ment of malignant tissues (e.g., tumors) and biofilms. It is

based on the administration of photoactive dyes which are

then irradiated, typically with a laser. The excited dye leads

to the formation of singlet oxygen inside the target cells

which then destroys the malignant cells or bacteria [1–6].

An ongoing problem in photodynamic therapy is the

delivery of the dye into the host tissue [7]. Typically, the

dyes are not water-soluble and must be applied as alcoholic

solution which is painful for the patient. Furthermore, the

biodegradation of hydrophobic dyes is usually slow [8].

Therefore, alternative delivery systems have been devel-

oped, e.g., liposomes [7, 9], polymeric nanoparticles [7],

metallic nanoparticles [10, 11], and silica nanoparticles

[12, 13].

We have recently presented calcium phosphate nano-

particles with a polymeric shell that incorporates a photo-

active dye [14]. Calcium phosphate has the advantage that

it occurs as biomineral in mammals (bone and teeth; [15])

and that nanoparticles of calcium phosphate can be eas-

ily functionalized with polymers [16, 17]. Here we present

positively charged nanoparticles consisting of a calcium

phosphate core with shells of carboxymethyl cellulose

(anionic) and poly(ethyleneimine) (cationic). Both lay-

ers contained the photoactive dye 5,10,15,20-tetrakis(3-

hydroxyphenyl)-porphyrin (mTHPP) which allowed a high

loading with the dye.

2 Materials and methods

2.1 Chemicals

The following polymers were used: Carboxymethyl cellu-

lose, CMC (anionic; Aldrich, molecular weight 90,000

g mol-1; degree of substitution, D.S., 0.7), and branched

poly(ethyleneimine), PEI (cationic; Aldrich, molecular

weight 25,000 g mol-1). Ultrapure water (Purelab ultra

instrument from ELGA) was used for all preparations.

Calcium lactate (p.a.) and diammonium hydrogenphos-

phate (p.a.) from Fluka were used. mTHPP was synthesized
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according to a literature procedure [18]. The pathway for

the preparation of the nanoparticles is depicted in Fig. 1.

2.2 Preparation of anionic CaP/CMC/mTHPP

nanoparticles

CMC-stabilized calcium phosphate nanoparticles incor-

porating 5,10,15,20-tetrakis(3-hydroxyphenyl)-porphyrin

(mTHPP), CaP/CMC/mTHPP, were prepared as follows:

Three aqueous solutions were simultaneously pumped at

room temperature into a stirred vessel containing 20 ml of

water during one minute: First, aqueous calcium lactate

(18 mM); second, aqueous (NH4)2HPO4 (10.8 mM) and

mTHPP in 2-propanol (1 mg ml-1) in a 5:1 volume ratio;

and third, aqueous CMC (2 g l-1). The three volumes were

5, 6, and 5 ml. The CMC coated and stabilized the emerging

calcium phosphate nanoparticles. The pH of the calcium

and phosphate solutions was previously adjusted to 10 with

ammonia solution. The final pH of the colloidal dispersion

was between 9.2 and 9.5. 25 ml of the dispersion were

taken, and the particles were separated from the counter

ions (lactate, NH4
?, Na?), excess of dissolved CMC and

non-adsorbed mTHPP by ultracentrifugation at 66,0009g

for 30 min. The centrifuged nanoparticles were redispersed

in 20 ml water, centrifuged and redispersed again to 20 ml.

To achieve a sufficient stability of this colloidal system,

the dispersion had to be diluted with water to a fivefold

original volume after redispersion; otherwise, agglomera-

tion occurred within a few days. The final concentration

of nanoparticles in the dispersion was 76 ± 5 mg l-1,

containing 42 ± 3 mg l-1 calcium phosphate (determined

by centrifugation of the nanoparticles, drying at room

temperature for 2 days, weighing, and elemental analysis).

By UV spectroscopy, the concentration of mTHPP was

determined to 7.9 lmol l-1, using a calibration curve.

2.3 Preparation of cationic CaP/CMC/mTHPP/PEI/

mTHPP nanoparticles

CMC/PEI-stabilized calcium phosphate nanoparticles incor-

porating 5,10,15,20-tetrakis(3-hydroxyphenyl)-porphyrin

(mTHPP), CaP/CMC/mTHPP/PEI/mTHPP, were prepared

as follows: The surface charge of the CaP/CMC/mTHPP

nanoparticles (zeta potential: -26 mV) was reversed by

adding a layer of the cationic polyelectrolyte PEI. An

aqueous solution of PEI (2 g l-1, pH 10.4) was rapidly

added to the particle dispersion in a 1:8 volume ratio. The

dispersion was stirred for 2 min and 0.74 lmol mTHPP

dissolved in 2-propanol (1 g l-1) were added. The disper-

sion was stirred for another 15 min and then stored at room

temperature for 12 h. The particles were separated from

excess PEI by ultracentrifugation at 66,0009g for 30 min.

The centrifuged nanoparticles were redispersed in ultrapure

water to the initial volume. The particles were stable in

dispersion for a few weeks. The final concentration of

nanoparticles in the dispersion was 66 ± 5 mg l-1, con-

taining 29 ± 3 mg l-1 calcium phosphate (determined as

described above). By UV spectroscopy, the concentration of

mTHPP was determined to 14.5 lmol l-1, using a calibra-

tion curve.

Fig. 1 Schematic view of the

preparation of the nanoparticles.

A calcium salt, a phosphate salt,

mTHPP molecules, and

carboxymethyl cellulose (CMC)

were brought together to form a

negatively charged particle with

mTHPP (grey dots) within the

polymer shell. Next, the charge

was reversed by the addition of

poly(ethyleneimine) (PEI).

Finally, further mTHPP

molecules were electrostatically

bound to the surface of the

particle, resulting in a high

loading with mTHPP
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2.4 Methods

Thermogravimetric analysis (TGA) was carried out with a

Netzsch STA 409 PC instrument (dynamic oxygen atmo-

sphere; 50 ml min-1; heating rate 1 K min-1; open alumina

crucible). X-ray powder diffraction (XRD) was carried out

with a STOE transmission diffractometer STADI P 2003-10

(Cu Ka radiation, k = 1.54 Å). Scanning electron micros-

copy coupled with energy-dispersive X-ray spectroscopy

(SEM-EDX) was carried out with an ESEM Quanta 400

FEG instrument (FEI; gold–palladium[80:20]-sputtered

samples; EDX detector: S-UTW-Si(Li)). Dynamic light

scattering (DLS) and zeta potential determinations were

carried out with a Zetasizer nanoseries (Malvern Nano-ZS,

laser: k = 532 nm) instrument. UV-visible absorption

spectra were recorded with a Varian Cary WinUV spectro-

photometer in 1 cm quartz cuvettes. The contents of carbon,

hydrogen, nitrogen and sulfur were determined by standard

combustion analysis with an EA 1110 (CE Instruments)

instrument. Calcium was determined by atomic absorption

spectroscopy (Thermo Electron Corporation, M-Series AA

spectrometer). The orthophosphate content was determined

by colorimetry using the molybdenum blue method

(k = 725 nm).

2.5 Cell tests

Cells were obtained from DSMZ, Braunschweig, Germany

or ATCC, USA. The cell tests were carried out with HT29

cells (human colon adenocarcinoma cells), HIG-82 cells

(synoviocytes from rabbits), and J774A.1 cells (murine

macrophages) according to standard procedures as described

in Ref. [14] in full detail. Briefly, the cells were cultivated as

a monolayer in DMEM (cc-pro GmbH) supplemented with

10% heat-inactivated fetal calf serum (FCS, cc-pro GmbH),

1% penicillin (10,000 I.U., cc-pro GmbH) and streptomycin

(10 mg ml-1, cc-pro GmbH) and incubated with the nano-

particle dispersion for 24 h at 37�C in the dark. Before

photosensitization, the cells were washed, incubated with

RPMI and 10% FCS without phenol red, and then irradiated

at room temperature with a 652 nm diode laser (Ceralas

PDT 652, biolitec AG) at a fixed flux of 500 mW cm-2 for

50 s. Following the irradiation, the cells were incubated in a

humidified incubator (5% CO in air at 37�C) for 24 h until

the cell viability assay (XTT assay). The dark toxicity was

also assessed for each sample, and each experiment was

carried out in parallel in four wells.

In each well, 100 ll of a mixture of RMPI with 10%

FCS and nanoparticle dispersion were present. The amount

of particles in each well (100 ll) was 1.5 lg for CaP/CMC/

mTHPP/PEI nanoparticles at 3.6 lM mTHPP, 0.9 lg for

CaP/CMC/mTHPP/PEI/mTHPP nanoparticles at 2.0 lM

mTHPP, and 4.6 lg for CaP/CMC/mTHPP/PEI/mTHPP

nanoparticles at 10 lM mTHPP.

3 Results and discussion

Calcium phosphate nanoparticles were prepared by rapid

precipitation from water and then functionalized with a

mixture of the dye mTHPP and the biocompatible anionic

polymer carboxymethyl cellulose (CMC). The negative

charge (zeta potential -26 mV) [14] was reversed by the

addition of another layer of the cationic polymer poly

(ethyleneimine) (PEI) to a zeta potential of ?32 mV [14].

Onto this layer, further mTHPP was adsorbed, thereby

increasing the dye loading of the particles. The preparation

pathway is schematically shown in Fig. 1.

The effective concentration of mTHPP in the nanopar-

ticles was determined by UV spectroscopy with a calibra-

tion curve [14]. The absorption spectrum for the dye-loaded

nanoparticles is shown in Fig. 2.

The particles were dispersed in aqueous solution and not

agglomerated as dynamic light scattering (DLS) clearly

showed (Fig. 3). The addition of the PEI/mTHPP layer

increased the particle diameter from 140 to 200 nm, with a

slightly broader size distribution. In comparison to the

particles without dye (CaP/CMC/PEI), the particle size did

not change (Table 1).

This was confirmed by scanning electron microscopy

(SEM) which showed almost spherical particles (Fig. 4).

Note that the particle size as determined by SEM was

smaller than in dynamic light scattering (DLS) because the

polymer shell had collapsed during drying; DLS measures

the hydrodynamic radius with the water-swollen polymer

shell. Table 1 summarizes all characterization data for the
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Fig. 2 UV spectrum of CaP/CMC/mTHPP/PEI/mTHPP nanoparti-

cles, showing the characteristic absorption bands of the porphyrin dye
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particles. The charge of the particles was always positive,

but the addition of the negatively charged dye mTHPP led

to a small decrease due to electrostatic neutralization (the

zeta potential changed from ?32 to ?28 mV). The parti-

cles contained about 55–65 wt% of inorganic material and

about 9 wt% water. The organic part of the particles

comprised polymer and also mTHPP in the case of the dye-

loaded particles. This was determined by elemental anal-

ysis (C,H,N) and also by thermogravimetry. The loading

with mTHPP was 18.4 wt%, i.e., considerably larger than

in earlier experiments where the dye was only incorporated

into the inner layer of CMC (10.0 wt%) [14].

Cell culture experiments were carried out with three cell

lines (Figs. 5, 6 and 7) that represent a range of cell types

which are important in photodynamic therapy [14]. As
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Fig. 3 Dynamic light scattering of the nanoparticles. Solid line CaP/

CMC/mTHPP; hydrodynamic diameter 140 nm. Dashed line CaP/

CMC/mTHPP/PEI/mTHPP; hydrodynamic diameter 200 nm

Table 1 Parameters of the prepared nanoparticles, both unloaded and

dye-loaded

CaP/CMC/

PEI

CaP/CMC/mTHPP/

PEI/mTHPP

Diameter (SEM) 80–100 nm 80–100 nm

Diameter (DLS) 200 ± 40 nm 200 ± 40 nm

Polydispersity index (PDI)

Zeta potential (DLS) ?32 ± 4 mV ?28 ± 4 mV

Ca2?/% (AAS) 22.2 ± 1.0 18.9 ± 1.0

PO4
3-/% (UV) 30.5 ± 1.0 –

C/% (combustion analysis) 12.8 ± 0.3 23.7 ± 0.3

H/% (combustion analysis) 4.2 ± 0.3 4.4 ± 0.3

N/% (combustion analysis) 3.9 ± 0.3 5.6 ± 0.3

Mineral content/% (TG) 65.3 ± 0.5 56.3 ± 0.5

Molar Ca/P ratio 1.73 –

Organic content/% (TG) 25.3 ± 0.5 35.2 ± 0.5

Carbonate content/% (TG) 1.0 ± 0.3 0.8 ± 0.3

Water content/% (TG) 9.4 ± 0.5 8.5 ± 0.5

mTHPP content/% (UV) 0 18.4 ± 0.4

Fig. 4 Scanning electron microscopy of CaP/CMC/mTHPP/PEI/

mTHPP particles
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Fig. 5 Results of tests with HT29 cells (adenocarcinoma cells),

treated with CaP/CMC/mTHPP/PEI/mTHPP nanoparticles (NP) and

dissolved dye, respectively
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Fig. 6 Results of tests with HIG-82 cells (synoviocytes), treated with

CaP/CMC/mTHPP/PEI/mTHPP nanoparticles (NP) and dissolved

dye, respectively
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comparison, the same concentrations of the pure dye, dis-

solved in 2-propanol, were always investigated. The con-

trol cells were not treated with nanoparticles or dye. With

HT29 cells, an efficient killing was not possible. Note that

the ‘‘killing’’ is defined as the difference in cell viability

between the dark experiment and the laser-irradiated

experiment. This confirms earlier results where HT29 cells

could not be efficiently treated by photodynamic therapy

with similar calcium phosphate nanoparticles [14].

HIG-82 cells showed a good killing at 2 lM, but a high

dark toxicity at 10 lM. In comparison to earlier results

[14], the dark toxicity was much lower. We ascribe this fact

to the lower dose of nanoparticles (0.9 lg vs. 1.5 lg per

well) for the new kind of nanoparticles presented here. This

reduces the amount of potentially adverse compounds, i.e.,

poly(ethyleneimine) [19] and calcium [20], which may

both be harmful to cells. The dye mTHPP itself was also

toxic at 10 lM in both cases.

Macrophages J774A.1 gave similar results as HIG-82

cells. Again, the experiment at 2 lM dye concentration

gave a good killing, and that at 10 lm showed a high

toxicity which can be ascribed to the pure dye.

4 Conclusions

Positively charged nanoparticles with a high loading of the

photoactive dye were prepared. They showed a good effi-

ciency against HIG-82 and J774A.1 cells. This can be

ascribed to the positive charge of the particles (facilitating

the transport through the negatively charged cell mem-

brane) and also to the higher loading with the photoactive

dye. A smaller amount of nanoparticles is beneficial for

cell survival because the amount of potentially harmful PEI

and calcium is reduced. Large amounts of calcium phos-

phate micro- and nanoparticles can lead to a lethal intra-

cellular concentration of calcium [20, 21], although this has

not been observed for colloidal dispersions of calcium

phosphate nanoparticles [22], probably due to the small

concentration. The efficiency was comparable to the pure

dye at the same concentration. However, the pure dye must

be administered in alcoholic solution which causes pain to

the patient. In addition, water-dispersable nanoparticles

open the pathway for further surface functionalization to

achieve a photodynamic action directed towards specific

cell types or bacteria.
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