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Abstract 5,10,15,20-Tetrakis(4-sulfonatophenyl)porphy-
rin was entrapped into biocompatible hydrogels formed by
self-assembling micelles of the titanium dioxide prepared
by hydrolysis of titanium ethoxide modified with trietha-
nolamine (TEA). The materials were characterized by their
optical and photosensitive properties. The immobilization
led to changes of the absorption spectra of the dye and
decreased its molar absorption coefficient. The TiO, matrix
did not degrade the entrapped porphyrin upon u.v. irradi-
ation. The formation of TEA—titanium(IV) chelates facili-
tated a controlled and triggered release of the immobilized
dye from the hydrogels in lactate and citrate buffers. The
released dye prolonged the sterility of citrate—phosphate
buffer and its illumination with visible light inhibited
growth of Aspergillus niger.

Keywords Sol—gel - Photosterilization - Immobilization -
Biocompatible titanium dioxide - Porphyrin

1 Introduction

Photosensitizers are dyes (porphyrins, phenazines or
phthalocyanines) containing chromophore (aromatic, het-
erocyclic) groups. Light absorption by the chromophores in
aerobic atmosphere results in the formation of singlet
oxygen ('0,) and other reactive oxygen species (ROS) that
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are efficient oxidizing agents for microorganism inhibition
[1, 2]. The advantage of this method in environmental
application [1, 3] is its simple experimental execution. In
addition, the repeated exposure to the photodynamic pro-
cess does not lead to formation of the resistance of the so
treated microorganisms [4].

After cytotoxic effects of various free photosensitizers
to numerous microorganisms [5] were established, their
immobilization was studied to ensure their easier manipu-
lation. Attention has also been paid to materials with a
controlled and triggered release of the immobilized pho-
tosensitizer molecules. Unlike the firmly bound photosen-
sitizers, the released photosensitizer molecule can readily
approach cytoplasmatic membrane of infective microor-
ganisms and induce stronger inhibition [1, 2]. Several
materials with different mode of the dye release were
applied to the photodynamic therapy of wound infections.
According to need, alginate foams with curcumine disin-
tegrate or remain as an intact gel layer as they are hydrated
by the wound exudates [6]. Thermoresponsive gels contain-
ing entrapped porphyrin were prepared from (2-hydroxy-
ethyl)methacrylate and its N-isopropylacrylamide copolymer.
The release of the photosensitizer was controlled by the gel
swelling that increased on heating the gel [7]. Bioadhesive
patches with weakly bound 5-aminolevulinic acid and
toluidine blue O have been proposed for treatment of
candidosis and onychomycosis [8, 9]. Poly(vinyl alcohol)
stabilized by borax served as a delivery system for cat-
ionic  5,10,15,20-tetrakis(N-methylpyridinium)porphyrin
and methylene blue. These photosensitizer-loaded hydro-
gels should be capable of conforming to the shape and
contours of a wound, but maintain structural integrity
whilst in place [10].

For drug delivery and bioencapsulation, porous inorganic
materials such as mesoporous silicas, hydroxyapatites,
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tricalcium  phosphates, aluminosilicates, mesoporous
carbons, metal-organic frameworks, porous silicon, meso-
porous organosilicates, calcium silicates, ceramic and car-
bon-based nanotubes, layered silicates and, last but not least,
colloidal and hierarchically porous titanium oxide have
recently attracted much attention. In these cases, bioactive
molecules can be hosted within their pores without affecting
their activity, ensuring their release in a controlled manner
by zero-order kinetics [11-16].

Many metal oxides, in particular titanium(IV) dioxide,
TiO,, are highly biocompatible, at least in the absence of
photochemical oxidation processes [17]. The development
of titanium-based sol-gel materials suitable for bioencap-
sulation and controlled drug release has so far been
impeded by the high reactivity of the metal-organic sol-gel
precursors, titanium alkoxides, which required anhydrous
media for preparing colloid solutions [18].

In this work, new biocompatible titanium materials that
ensure chemically triggered release of entrapped
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin are repor-
ted. These non-porous materials are formed by the TiO,
micelles stabilized by chelate formation with the positively
charged triethanolamine (TEA) and release the dye in a
controlled manner in citrate and lactate buffers.

2 Experimental

2.1 Chemicals, microbiological media,
and microorganism

Aspergillus niger 4054 strain was obtained from the
Department of Biochemistry and Microbiology, Institute of
Chemical Technology, Prague (Czech Republic).
Titanium(IV) ethoxide sols in ethanol containing dif-
ferent TiO, and triethanolamine (TEA) concentrations
(Table 1) were prepared by the patented procedure [19].
Molar concentration of TEA, TiO,, and HNO; (H") were
calculated from the weight mass as ¢; = m;/(M;x V), where
M; is the molar weight (149.188 g mol™' for TEA,

Table 1 Composition of titanium(IV) ethoxide sols

79.866 g mol ™! for TiO», 63.013 g mol~' for HNO3) and
m; (in g) are TEA, TiO, and HNO; weight masses and V
(in mL) corresponds to the sol volume. For HNOs;,
My = pus X Vg, where pyy = 1.512 g cm ™ and Vi,
in cm? are the density and the volume of HNO;, respec-
tively. Molar ratio of TEA to TiO, was defined as

NTEA Mrio, MTEA
nTI0, Mrea " mrio,

5,10,15,20-Tetrakis(4-sulfonatophenyl)porphyrin (TPPS)
was purchased from Porphyrin Systems GbR (Germany).
Potassium iodide, potassium phosphate dibasic, p-glucose,
and sodium chloride were supplied by Lach-Ner (Czech
Republic). Citric acid monohydrate, sodium phosphate diba-
sic dodecahydrate, potassium phosphate monobasic, and
L-lactic acid (80 %) were obtained from Penta (Czech
Republic). All chemicals were used in p.a. purity. Yeast
extract was purchased from AppliChem (Germany), bacterial
peptone from Oxoid (UK), and agar and ammonium molyb-
date from Sigma—Aldrich (Germany).

TPPS was dissolved in deionized water. The concen-
tration (100 pmol L™") was checked by absorption spec-
trophotometry (the molar absorption coefficient of aqueous
TPPS at 414 nm is ¢4 = 307 L mmol ! cmfl).

Kinetics of TiO,—TPPS dissolution was measured in
citrate (100 mM)—phosphate (100 mmol L pH 6.0) and
lactate (100 mmol L™'; pH 5.5) buffers, respectively. The
antimicrobial tests of the stability of the solution sterility
were carried out in citrate (10 mmol L™ ")—phosphate
(20 mmol L") buffer. Citrate—phosphate buffers were
prepared by titration of Na,HPO, with citric acid at 25 °C.
The antimicrobial tests with A. niger were carried out with
the use of the citrate—phosphate buffer prepared from
aqueous Na,HPO, (0.1 mol Lfl), bacterial peptone
(2gL™), and NaCl (9 gL™") titrated by citric acid
(0.1 mol L™Y) to pH 6.0 at 25 °C. The lactate buffer was
obtained by titration of L-lactic acid (100 mmol L") with
NaOH (5 mol LY.

Dilute saline solutions for microorganisms contained
NaCl (8.5 g L™"). YEPG medium was mixed from the
yeast extract (10 g L™"), bacterial peptone (10 g L™"), and
p-glucose (20 g L™"). Agar (20 g L™") was added to obtain

Sample Concentration (mol L™1) Mol. ratio

TEA TiO, H* TEA/TiO, HT/TEA
TiO,-1 0.904 1.531 0.0080 0.590 0.0084
TiO,-2 0.870 1.470 0.0115 0.591 0.0132
TiO,-3 0.840 1414 0.0148 0.594 0.0176
TiO,-4 0.902 1.344 0.0176 0.671 0.0195
TiO,-5 0.750 0.950 0.0100 0.789 0.0133
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the solid medium. The media and materials used in
experiments with microorganisms were autoclaved
(120 °C, 0.1 MPa, 20 min).

The iodometric agent was prepared from K,HPO,
(1 mol L™"; 9.6 mL), KH,PO, (1 mol L™'; 40.4 mL), KI
(19.9 g), and (NH4),MoO, (2 mg), as reported [20]. The
solution was filled up to 1,000-mL with deionized water in
a volumetric flask that was wrapped up by a tinfoil for
light-protection.

2.2 Preparation of porphyrin hydrogels and their
scanning electron microscopy

TiO,-1 and TiO,-3 sols, respectively, were transferred with
a syringe under argon atmosphere to a 500-pL Eppendorf
tube and aqueous TPPS (100 pmol L™") was added. The
mixtures were gently shaken and poured onto wafers. For
the absorbance measurements, the hydrogels were prepared
from 2-mL mixtures, while 500-uL mixtures were used in
the other experiments. Plastic plates (3.5 cm?), 10-mL
beakers (for antimicrobial tests), and microscopic glasses
(for 'O, luminescence measurement) were used as wafers.
Gelation time at room temperature was 3—5 h.

SEM micrographs of TiO,—-TPPS hydrogels were
imaged using a Hitachi TM-1000-uDeX 15 kV scanning
electron microscope.

2.3 Compactness of hydrogels

The compactness of the hydrogels ensured by the balanced
electrostatic interaction between positively charged TEA
ligands adsorbed on the surfaces of TiO, micelles and the
immobilized anionic TPPS was checked in deionized
water. The samples of the hydrogels in distilled water
(3 mL) were shaken on a Heidolph Unimax 1010 rotation
shaker (Germany, 100 rpm) at room temperature for 1 h.
Then, the washing water was transferred into a 10-mm
quartz cuvette and its absorption spectrum was recorded
with an HP 8452A spectrophotometer (USA; 2.2 x
1073 a.u. sensitivity). For the hydrogels TiO,-1 and
TiO,-3, no peaks corresponding to either the released
TPPS (Jnax = 414 nm; &4 = 307 L mmol ™' cm™" gives
the detection limit of 7.2 x 107® mol L™") or TiO, (the
absorption <350 nm) have been observed.

2.4 Fluorescence and absorbance

3D-fluorescence spectra of the TiO,—TPPS hydrogels were
collected with a Hitachi F-4500 spectrophotometer (Japan)
at 25 °C with excitation/emission slits of 10/5 nm. Fluo-
rescence intensities for the encapsulated TPPS were sta-
tistically evaluated at Agx/Agy = 420/645 nm.

@ Springer

Absorption spectra of the TiO,—TPPS hydrogels were
recorded with an HP 8452A spectrophotometer. Light-
scattering was corrected with the Scatter correction func-
tion in the Advanced mode of UV/Vis ChemStation
software (Agilent Technologies, Inc.) at 350-400 and 450—
800 nm.

Thickness of the hydrogels was measured with a Carl Zeiss
Primostar optical microscope (the upper and lower edges of
the hydrogels were focused using a microscope microscrew).
The absorption coefficient of immobilized TPPS was calcu-
lated from the equation ey = &5 X ﬁ—i X % X k, where A4 is
the absorbance of aqueous TPPS at 414 nm, Ay is the absor-
bance of TPPS hydrogels at 420 nm, Iy is thicknesses of the
hydrogels in cm, k = 2 is the vol. ratio of the hydrogels to
aqueous TPPS (mL/mL), and /5 (in cm) is the optical length of
the cuvette containing aqueous TPPS (in cm).

2.5 Tllumination of immobilized TPPS with a halogen
lamp and TiO, matrices by u.v. irradiation

The photosensitivity of TPPS immobilized in TiO, matri-
ces was tested by illumination with a halogen lamp Osram
120V/300W (Germany), using the hydrogel samples placed
on a piece of white paper. A dish (200 x 30) filled with
water and centered between the lamp and the illuminated
hydrogel served as an i.r. filter. Temperature gradient on
hydrogel surfaces was 1 °C h™' and the surface tempera-
ture did not exceed 30 °C.

The photosensitivity of TiO, matrices was tested by
their irradiation with an A. Kriiss Optronic u.v. lamp
(Germany) placed 3 cm above the gel for 1 h. Then, their
fluorescence spectra were collected with a Hitachi F-4500
spectrophotometer.

2.6 'O, luminescence and iodometric method

The failure of the hydrogels to form internal 'O, was
checked by their luminescence at 1,270 nm. The layer of
TiO,-1 on a glass was transferred into a cuvette and excited
with a Lambda Physik FL 3002 dye laser (Ao, = 415 nm,
incident energy ca. 2 mJ pulse '). Time-dependent lumi-
nescence was detected with a home-made detector unit
(interference filter, amplifier, Judson J16-8SP-RO5SM-HS
Ge diode). The signal-to-noise ratio was improved by
averaging 100-500 individual traces.

The potential production of surface ROS was tested by
iodometric method [12] based on the following oxidation:

21 251,

L+I =13

The iodometric agent was poured over the hydrogels and
the mixture was shaken at 100 rpm with a Heidolph
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Unimax 1010 rotation shaker and illuminated with a
halogen lamp with the arrangement described in Sect. 2.5.
In 0-30-min intervals, the samples of the iodide agent
(100 puL) were transferred into a quartz cuvette (optical
length of 10 mm, total volume 1 mL). Formation of the
triiodide anion would be indicated by the appearance of the
absorption band at 354 nm. The measurements showed that
with the hydrogels under study (an HP 8452A
spectrophotometer), the band has not been formed.

2.7 TPPS release to buffers

A total of 3 mL of lactate (100 mmol L™"; pH 5.5) or
citrate (100 mmol L™")—phosphate (100 mmol L™'; pH
6.0) buffer was poured onto the hydrogels and the mixture
was shaken with a Heidolph Unimax 1010 rotation shaker
(200 rpm). In 15-min intervals, the samples of the buffers
(100 pL) were transferred into a quartz cuvette (10-mm
optical length, total volume of 1 mL) and diluted with
water in 1:9 vol. ratio. The intensity of the absorbance at
414 nm proportional to the amount of the TPPS released to
the buffers was determined with an HP 8452A
spectrophotometer.

Time-dependent TPPS release, np = f{(f), was smoothed
in the Origin software by a sigmoid Bolzmann function

np = np + =22, where n,/n, are the lower/upper limits of

1+4e dr
the sigmoid function corresponding to the initial/final

molar amount of the released TPPS (in nmol), respectively,
t. is the time corresponding to the inflex point of the
exponential part of the function at the molar amount of
(ny 4+ np)/2 (in h).

The rate of TPPS release and total dissolution time were
calculated from (n, — n)/4dr and ¢, + 2dt, respectively.

2.8 Antimicrobial tests

Antimicrobial effect of the TPPS released from the
hydrogels into citrate—phosphate buffer was tested by the
two different procedures (Table 2).

The hydrogels placed at the bottom of the sterile 10-mL
beakers were poured over by citrate (10 mmol L™")—

Table 2 Conditions of antimicrobial tests

phosphate (20 mmol L™"; pH 6.0; 5 mL) buffer and then
the beakers were transferred on a piece of white paper
under a light source. In the first test, the buffer was sterile
and exposed to day light (500 1x) for 8 days, in the second
experiment, the buffer was inoculated by A. niger 4054
strain and covered by a glass lid. Then the beakers were
illuminated with a halogen lamp (10 klIx) for 48 h with the
arrangement described in Sect. 2.5. Positive control sam-
ples were treated with a mixture containing TPPS solution
(100 pmol L™'; 0.25 mL) and the buffer (5.25 mL). The
buffer itself was used as a blank probe. Each sample was
prepared in three replicates.

In fixed time intervals (Table 2), the suspensions
(100 pL) were withdrawn and evaluated by the plate
method (c.f.u. mL™") on YEPG agar (incubated at 30 °C
for 48 h).

3 Results and discussion
3.1 Preparation of TiO,—TPPS

Via process of the acid hydrolysis, titanium(IV) alkoxides
dissolved in the parent alcohol and modified with trietha-
nolamine (TEA) form the micelles that are stabilized by the
positively charged TEA ligands adsorbed on their surface.
The micelles were shown to possess a relatively small
crystalline anatase core (2-3 nm) and an outer amorphous
shell, as shown in Fig. 1 [16, 21].

Five titanium(IV) ethoxide sols were prepared with the
use of different TEA and TiO, concentrations (Table 1).
Formation of the hydrogels from the sols and aqueous
TPPS (confirmed by the procedure described in Sect. 2.2)
depended mainly on H*/TEA mol. ratio in sols. While
TiO-1 sol having the lowest HY/TEA mol. ratio formed
gel within less than 3 h, the TiO,-3 sol gelation was
complete after 5 h. As to the stability of the hydrogels,
those having the high TEA/TiO, mol. ratios (TiO,-4 and
TiO,-5) were unstable in water (Sect. 2.3). In the absence
of either TPPS or TEA, a stable material was not formed.

The composites prepared from TiO,-1 to TiO,-3 sols
containing very similar TEA/TiO, mol. ratios but the

Differences

Experiment with sterile buffer

Experiment with A. niger

Citrate—phosphate buffer 5 mL, uncovered

(pH 6.0)

Light source
an open window

0, 1, 2, 5, and 8 days
30 °C for 48 h

Buffer sampling
Petri dishes incubation

Intensive day light (500 Ix) by

4.5 + 0.5 mL of A. niger in YEPG broth, covered
by a glass lid
Halogen lamp (10 klx)

0, 24, and 48 h
28 °C for 24 h
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Fig. 1 Structure of a cluster (leff) and a micelle (right) of titanium
oxide formed by hydrolysis of an alkoxide precursor and supported by
positively charged TEA self-assembling [19, 20]

highest difference in H*/TEA mol. ratio were green—brown
(Fig. 2) and are discussed hereinafter.

3.2 Absorbance, fluorescence, and photostability
of TiO,—TPPS hydrogels

The entrapment of TPPS into TiO,-1 and TiO,-3 hydrogels
led to the decrease of the molar absorption coefficient of
the Soret peak maximum from 307 (aqueous solution) to
281 (TiO,-1) and 244 (TiO,-3) L mmol~' cm™'. As seen
in Fig. 3, the interaction of the porphyrin with the matrix
shifted the Soret band maxima from 414 to 420 nm as a
consequence of the higher hydrophobicity and lower
polarity of the matrix compared with water [22]. The
strong electrostatic interactions between the anionic TPPS
and the cationic TEA-stabilized matrix micelles were
indicated by the deformation of the Q-bands. In all cases,
TPPS was present in the monomer state [23]. The relatively
huge peak observed with all hydrogels in u.v. region under
350 nm corresponded to TiO, absorption [24, 25].

The absorption spectra of the entrapped TPPS (Fig. 3)
shew a doublet of the Soret peak maxima and a region of
Q-peaks characteristic of non-protonized porphyrin [23].
The fluorescence spectra (Fig. 4) demonstrated that the
porphyrin immobilized into TiO,-1 and TiO,-3 emitted at
645 nm with the average intensities of 2,009 and
2,246 a.u., respectively (Table 3).

Fig. 2 TiO,-1 hydrogel with immobilized TPPS

@ Springer
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Fig. 3 Absorption spectra of TPPS in TiO, hydrogels and water
(50 pmol L1

800
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Excitation wavelength (nm)
Fig. 4 3D-fluorescence spectrum of TiO,-1. One contour corre-

sponds to 100 a.u

Table 3 Fluorescence intensities of TiO,—TPPS before and after u.v.
irradiation at Agx/Agy = 420/645 nm at 25 °C

Fluorescence intensity (a.u.)* Hydrogel

TiO,-1 TiO,-3
Before irradiation 2,442 + 572 2,009 £+ 327
After irradiation 2,387 £ 194 2,246 £ 116

% Spectra were collected with Hitachi F-4500 spectrophotometer at
excitation/emission slits of 10/5 nm

The photosensitive properties of both the TiO, matrix
and the immobilized porphyrin were examined with the use
of the following experiments. In the first case, u.v. irradi-
ation of both gel components for 1 h resulted in only slight
changes in the region of both TPPS and TiO, absorption/
emission spectra. The fluorescence intensities of TPPS
after u.v. incidence are shown in Table 3. The data proved
the photolytic stability and high biocompatibility of TiO,.
Furthermore, they also indicated the failure of TiO, to
generate ROS, which manifested itself in the stability of
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TiO,-TPPS

Fig. 5 SEM micrograph of TiO,—~TPPS

TPPS in the matrix. A similar situation was also observed
with the immobilized TPPS that absorbed in the visible
region.

It is worth noting that both indirect measurements of the
surface ROS based on the light-induced production of I3~
(for procedure see Sect. 2.6) and the direct measurement of
102 lifetime inside the matrix at 1,270 nm after laser
excitation of the porphyrin showed that the TiO,—TPPS
composites did not possess any photoactivity. It seems
likely that the failure of the immobilized porphyrin to
generate 'O, was due to the compact non-porous structure
of the matrix (Fig. 5).

3.3 Controlled release of TPPS from the TiO,
hydrogels

In spite of the stability of the composite layers in water,
they were dissolved in biological buffers—citrate
(100 mmol L™")—phosphate(100 mmol L™"; pH 6.0) and
lactate (100 mmol L™"; pH 5.5)—due to formation of the
chelates with titanium(IV) species that led to the release of

Lactate buffer
20 A !
©°
£
£ 1o
&
0 : : :
0 1 2 3 4
t(h)

TPPS. The time dependence of TPPS dissolution upon the
action of the chelating agents was determined by the
absorption spectroscopy and smoothed by the Bolzmann
sigmoid curves using the Origin software (Fig. 6). The
curve parameters are shown in Table 4.

The hydrogels (TiO,-1 and TiO,-3) released TPPS faster
in the citrate buffer, which was stronger chelating than the
lactate. The rate of TPPS release from TiO,-1 and TiO,-3
measured in the exponential phase was 350 and
278 pmol min~' in the lactate buffer, and 596 and
1,030 pmol min~" in the citrate, resp. The observed faster
TiO,-3 dissolution in both chelating agents was due to the
lower stability of the matrix containing the greater TEA/
TiO, mol. ratio. In the lactate buffer, TiO,-1 and TiO,-3
dissolutions were complete in 80 and 96 min, respectively,
while in the citrate buffer, TiO,-3 was dissolved in 38 min
and TiO,-1 in 66 min.

3.4 Antimicrobial effect of TPPS released from TiO,
hydrogels

The antimicrobial test with chemically triggered TPPS
release was carried out by dissolving the porphyrin
hydrogels in the sterile citrate—phosphate buffer exposed to
sun light for 8 summer days by open window (see Sect. 2.8;
Table 2). Although an unknown microbial culture was
found in (6.41 & 4.66) x 10° ¢.f.u. mL~! concentration in
the blank sample after 5 days, no contamination was
observed with the buffer-released porphyrin hydrogels and
the free TPPS during the whole experiment).

The same buffer inoculated with the model microor-
ganism, A. niger 4054 strain, i.e. the mold resistant to
citric acid, was poured onto the porphyrin hydrogels and
illuminated with a halogen lamp (10 klx) for 48 h (see
Sect. 2.8; Table 2). The highest photosterile effect was
found for the free TPPS (Fig. 7). In its presence, the
inactivation of the mold at the initial concentration of
2,200 c.f.u. mL~! was complete after 24-h illumination

Citrate buffer
20 -

©°
€ 10
£
&

0 T T T

0.0 0.5 1.0 15

t(h)

Fig. 6 TPPS release from TiO, hydrogels to 3 mL of the lactate (100 mmol L™'; pH 5.5) and citrate (100 mmol L~")—phosphate
(100 mmol L™"; pH 6.0) buffer at 200 rpm. filled square TiO,-1, filled circle TiO,-3
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Table 4 Constants of the sigmoid Bolzmann curves fitting the kinetics of TPPS leaching from TiO, hydrogels in biological buffers

Constants Lactate buffer Citrate buffer

TiO,-1 TiO,-3 TiO,-1 TiO,-3
n? 0.76598 —0.33205 0.06614 0.73461
" 14.9260 18.7784 18.7307 16.3824
t.S 1.00073 1.06257 0.84362 0.51357
dr 0.16883 0.02973 0.13038 0.06333
R? 0.99893 0.99756 0.99720 0

% The lower limit of the curve

® The upper limit of the curve (a final molar amount of the leached TPPS)

¢ The inflex point of the exponential part of the curve corresponding to the time at the molar amount of (n, + n,)/2

9 The quarter time of the exponential part of the curve

~ 9000

I

E

5

-

L2

i

8, 4500 1

=

<

[T

°

d "

5 00

U 0 % T T T
TiOz-1 TiOy-3 Water Blank

Photosensitizer

Fig. 7 Antimicrobial effect of TiO,-1, TiO,-3 and aqueous TPPS
(4.8 pmol L_l) in citrate (10 mmol L_l)—phosphate (20 mmol Lh
pH 6.0) buffer against A. niger 4054 after illumination by a halogen
lamp (10 kIx). White bar Non-illuminated samples (0 J cm™2), gray
bar samples illuminated for 24 h (126 J cmfz), and black bar 48 h
(252 J cm™?)

(126 1 cm_z). The buffers with the dissolved TiO,-1 and
TiO,-3 hydrogels showed biocidal effect, too. In these
cases, the mould concentration decreased from 4,000 to
250 c.fu. mL™" and from 3,667 to 500 c.fu. mL™,
respectively. At the end of the experiment, the surface of
the citrate buffer itself (blank sample) was covered by a
film of mold.

4 Conclusion

Anionic TPPS photosensitizer has been immobilized into
the titanium hydrogels stabilized by positively charged
triethanolamine. Bonding ionic interactions and the lower
polarity of the matrix compared to water led to changes in
the absorption properties of the immobilized dye. The TiO,
gels containing the entrapped TPPS were stable in water
and highly biocompatible, not producing ROS after

@ Springer

illumination with both u.v. and visible light. The presence
of chelating agents (lactate and citrate) led to dissolution of
the titanium matrix and the controlled TPPS release. The
rate of the dissolution depended on the TEA concentration
in the matrix and on the buffer, the citrate being the more
effective than the lactate. After illumination with a halogen
lamp, the released dye was effective against A. niger 4054
strain as a model microorganism. Exposure of the sterile
phosphate—citrate buffer to day light prolonged its sterility.

The titanium materials under study may be prospective
materials for treatment of infections.
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