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Spectroscopic properties of a chlorophyll-based
photosensitive dye entrapped
in sol-gel fibre-optic applicators
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One of the promising modalities of modern medicahtment is interstitial laser therapy, where
a special fibre-optic applicator is used to ensangroper curing light distribution in the pathological
lesion. Such an applicator can act as a light diffuser, and simultaneously it can serve as a carrier of the
therapeutic medium, e.g. a photosensitive dye for photodynamic therapy in situ. For applicator construc-
tion, silica based sol-gels coatings are proposed in this paper. The sol-gel applicators were prepared from
the silicate precursor TEOS (tetraethylorthosilicate) mixed with ethyl alcohol in acid-catalysed hydroly-
sis. A suitable amount of surfactant (Triton X-100) was used. The carrier matrices were produced with
a solvent to precursor molar ratio of 20. In these studies, optical fibres from Laser Components were used
(core diameter 400 nm, HCS, low OH). The external jacket was mechanically removed at a distance of
25 mm. The modified dip-coating method was exploited to cover the bare fibres with sol-gel material.
Two types of applicators were produced, silica std-ggth an addition of chlorophyll-derived sensibili-
sator (Photolon) in two various concentrationsw#s proved that the immobilization of Photolon in
a silica sol-gel does not destroy its chemical activity and does not disturb contact with the external envi-
ronment.
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1. Introduction

Photodynamic therapy (PDT) of malignanimours is a treatment method based
on selective accumulation of light-absorbiagents (photosensitisers) in pathologic
tissue, capable of stimulating photoreactiafiter irradiation by light of a certain
wavelength, which destroy the targeted cells.

Various dyes have already been used in photodynamic therapy. This paper is fo-
cused on chlorin derivatives. A chlorin is a large heterocyclic aromatic molecule,
consisting at the core of 3 pyrrole rings and one reduced pyrrole ring, all coupled by
methine linkages. Magnesium-containindocims are called chlorophylls, and are the
main photosensitive pigments in chloroplasts. A related compound, with 2 reduced
pyrroles, is called bacteriochlorin. Due ttoeir strong photosensitivity, chlorins are
used as photosensitising agents in experimental PDT therapies.

Water-soluble derivatives of chlorophyll veefirst introduced as potential drugs
by Snyder (USA) in 1942 [1]. The next portant step was done by Allen [2]. He
revealed that the major chemical compowfidhative chlorin mixtures is chloring,e
which under oral and intravenous adratration possess low toxicity and demon-
strates hypotensive, antisclerotic, spasitimlanaesthetic, and antirheumathoid activ-
ity. The first PDT usage of a chlorin concerns pheophorbiderivatives. Some of
them were patented as prospective photosensitizers for PDT in Japan in 1984 by Sa-
kata et al. [3]. In 1986, an American group reported a photosensitizer meeting crucial
PDT requirements: good tumour affinitpdhintensive absorption in the middle red
part of the visible spectrum [4]. Theichoice was mono-L-aspartyl-chlorigs
(MACE). At present, this compound is at stdlieof clinical trial studies in Japan.

This group has even patented other fuoraily advanced chlorin and bacteriopheo-
phorbidea-derivatives as photosensitizers for PDT [5]. In the 1990s, a Byelorussian
group at first headed by G. Gurinovictpogted research on water-soluble chlorin-
type photosensitizers derived from nettle 8gcently, their work was focused on the
spectral-luminescent characteristics of chlorigparal the newly developed photosen-
sitizer — Photolon — in whole blood [7].
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Fig. 1. Chemical structure of

0 g the Photolon according to [8]
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Photolon — a chlorin derivative — belantp the class of one-photon-based photo-
sensitizers [8]. The dye is approved for cancer treatment in some countries [9].
Photolon is referred to a group of new sensitizers for treating cancer by means of
photodynamic therapy. It can be adminigdhintravenously or topically. Recently,
some non-oncologic applications have been reported as well [10]. The formula is
shown in Fig. 1.

Interstitial laser thermotherapy is alsa@v method designed for minimally inva-
sive therapy of pathologic lesions in emviments difficult to access (e.g. the brain,
liver). Fibre-optics laser applicators are usegerform interstitiatherapy with laser
light. The applicator is inserted into tipathologic lesion and curing laser light is
guided through the fibre [11, 12]. We havesady demonstrated that sol-gel coatings
may improve the characteristics of apptors. Depending on the amount of com-
pounds used for producing sol-gels, differeptical and structa properties could
be achieved [13-15].

Our idea was to combine interstitial theyapith photodynamic therapy. In this
paper, we report on the development of a modified light delivery system — a sol-gel
fibre-optic applicator doped with Photol. The sol-gel was deposited on the optical
fibre core and the influence of immob#id chlorophyll-derived dye on the applica-
tor's spectral properties was investigated.

2. Preparation of sol-gel matrices

2.1. Materials

Solvents and reagents were obtained from commercial sources and used without
further purification: a) solvents, methari®derck, UV-grade), ethanol (Merck), pyri-
dine (Aldrich), b) chemicals, zinc acetatMerck), Triton X-100 (Aldrich), tetraethy-
lorthosilane (TEOS) (Fluka), hydrochloracid (Merck), phosphate buffered saline
(PBS) pH 7.2 (Biochrom). ibtolon (Belmedpreparaty icooperation with Haemato
Ltd., Germany) was used as the active photosensitizer. Aqueous solutions were pre-
pared with Millipore water (Milli-Q/USA). Phosphate buffered saline (PBS) pH 7.2
(Biochrom) was used to mimic physiologiaonditions, otherwise aqueous solutions
were prepared with Millipore water.

The sol-gel films were produced from gl hydrolyzate prepared from the sili-
cate precursor TEOS mixed with solvent ggtbl, 96 % v/v). The sol-gel material was
prepared with a solverib precursor molar rati® of 20. Hydrochbric acid (37%,
w/w) was added as a catalyst in a proiporthat ensured acidic hydrolysis (pt2).
The mixture was stirred at room temperat for 4 hours with a magnetic stirrer
(speed 400 rev./min).
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2.2. Preparation of sol-gel coatings on optical fibres

Hard Clad Silica (HCS) fibres of o OH (CFO 1493-12), originating from Laser
Components, were used (fused silica cgre 400um; claddingg, = 430um; ETFE
buffer diameter 73@m). They feature high transmission values from UV to IR
(200-2400 nm). The fibres were cut into 200 sections. The external jacket was
mechanically removed up to 2.5 cm from one end, then the cladding was treated with
a hot torch. The residuals were removethvinen cloth and cleaned with ethanol.
A modified dip-coating method was appliedcver the bare fibres with sol-gels. The
fibres were placed vertically in a plastiontainer with a specially designed bottom,
possessing an opening with a controlldidimeter to ensure the required speed
(2 cm/h) of hydrolyzate outflow. The comer was filled with hydrolyzate up to the
non-removed cladding. Just before thepakition procedure, the surfactant Triton
X-100 (Aldrich) was added tthe liquid hydrolyzate (2Ql of Triton per 1 ml of hy-
drolyzate).

2.3. Photolon-doped coatings

Aqueous stock solutions (&20*M and 1.&10™* M Photolon) were prepared by
dissolving the photosensitizer in water (Millipore grade). Aliquots gil5fiock solu-
tion and 2Qul of Triton X-100 were added to 1 rof the freshly prepared hydrolyzate
to get final Photolon concentrations of 818> M and 7.&10° M, respectively. The
newly prepared hydrolyzate was usegtoduce doped fibre-optic coatings according
to the procedure described above. The ssmtitions and the sol-gel modified fibres
were stored at room temperature in darkness.

For metal insertion, zinc acetate was dissdhat room temperature in methanol
(20 mg/ml) and the fibre was placed in gwution. The dopant sol-gel fibre was left
there for 72 h. Then the fibre was removedsed with ethanol, dried in air, and its
luminescence and absorption spectra were recorded.

3. Spectroscopic measur ements

3.1. Apparatus

Fluorescence spectra were obtained rbgans of a fluorescence spectrometer
LS-50B (Perkin Elmer/UK). The spectra warxorded in the wavelength range from
350 to 750 nm (100 nm/min, excitation slit 3 nm, emission slit 5 nm) by using quartz
micro-cuvettes (optical length 0.5 cm, Hellma, Germany). 10 scans were accumulated.

The absorption spectra of Photolon solutioese obtained by means of a Lambda 2
(Perkin Elmer, UK) spectrophmmeter (optical length 1 cm, wavelength range
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300-750 nm, 250 nm/min). A hand-held UV-larmip{= 365 nm) was used for pre-
detecting and controlling therhinescent sol-gel coating.

3.2. Spectroscopic examinations of Photolon in solvents

The Photolon molecule shows a partially reduced porphyrine moiety (Fig. 1). Its
molecular structure is similar tthve structure of chlorinesamolecule, which can be
isolated after hydrolysing the 5-membered exocyglietoester moiety of pheophor-
bide A. It is well known that the absaign and fluorescence of tetrapyrrolic macro-
cycles are sensitive to changedhinir molecular environment.
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Fig. 2. Absorption spectra of Photolon in various solvents (from the top to the bottom): 1 — in methanol;
2 — in methanol acidified with hydrochloric acid; 3 — in phosphate-buffered saline (pH 7.2);
4 — after addition of zinc acetate in methanol; 5 — after addition of pyridine to 4

The absorption and fluorescence spectrRlajtolon were recorded in various sol-
vents. A stock solution of Phabn dissolved in methanol ¥10° M) was prepared
and visible spectra were recorded (Fig. 2). The Soret band and additional absorption
bands in the wavelength range 500—-700 nm (Q-bands) were observed. Two prominent
absorptions, at 401 nm (Soret band) an@6ft nm (chlorine-type band), are visible.
The addition of 0.1 ml of the concentrategirochloric acid to 2.5 ml of the methano-
lic dye solution leads to a bathochromic shiff,&: = 415 nm). A second strong ab-
sorption band appears at 650 nm. The absorption intensity decreases and the bands
become broader. In phosphate-buffered sa(lPBS), the absorption of Photolon re-
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mains essentially the same as in methanol (403 nm and 655 nm). After adding zinc
acetate, a spectral change due to the insesfi@nc into the macrocycle is detected
within minutes. The Soret band shifts tads 412 nm and the chlorine-type absorp-
tion band undergoes a hypsochromic shift to 637 nm. When pyridine is added to the
zinc complex, a further shift of the Soret baigh(= 416 nm) is recorded.
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Fig. 3. Fluorescence spectra of Photolon in solutibrsin methanol; 2 — in methanol acidified
with hydrochloric acid; 3 —in PBS (pH 7.2); 4 — after addition of zinc acetate in methanol;
5 — after addition of pyridine to 4

The fluorescence spectra recorded in the wavelength range of 575-750 nm are
shown in Fig. 3. In methanol, the fluocesce maximum of Photolon is observed at
666 NM fexc = 400 NM). In acidified methanol, the maximum is shifted towards 653 nm
upon excitation at 410 nm. At the same time, the emission intensity decreasesd by a
factor of approx. 4. In agueous soluti(PBS, pH = 7.2), the emission maximum is
shifted to 661 nm/g,. = 400 nm). Compared to tlileorescence spectrum of Photolon
in methanol, the zinc complex in metiwh shows strong fluorescence at 644 fmt
414 nm). The coordination of pyridine to this metal complex, however, leads to the
fluorescence signal at 646 nm.

3.3. Spectroscopic examinations of Photolon in sol-gel applicators

For fluorescence measurements, the sol-gel coated fibres were placed diagonally
inside a cuvette. Spectra were recorded finimisolvents, and after chemical altering.
In order to avoid artifacts, the spectra wexeorded at various positions on the same
fibre.
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First, the unmodified quartz fibre and gm} coated fibres without dopant were
investigated in order to check their sppescopic properties. Excitations from 395 up
to 420 nm A4 = 5 nm) using the pure core fibre as a target gave only a very weak
fluorescence emissions in the range of 525+8%5A negligible fluorescence is also
observed in air for the undoped sol-gel codileks. The addition of solvents leads to
a further decrease in the fluorescence intensity.

Fibres with a sol-gel Photolon-doped cogtinere investigated in air and in the
presence of solvent. Spectra were recofdedibres doped with two concentrations of
Photolon (3.810°M and 7.%10° M) (Fig. 4). Fluorescence and fluorescence excita-
tion spectra were recorded in the wavelength range 550-775 nm and 350-625 nm, re-
spectively.
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Fig. 4. Excitation and emission spectra in air, sol-gel applicator
(A: 3.8<10°° M; B: 7.7x10°° M Photolon)

The fluorescence intensity of the sol-gel applicator was found to depend on the
Photolon concentration (Fig. 4). A simildependence (not shown here) was observed
in absorption spectra. The fluorescence was determined in the range of 620—750 nm.
The excitation spectra were recorded in a step-by-step mdde § nm) witheyin
the range of 395-420 nm. In Fig. 4, the fluorescence spégya 410 nm) are shown
for fibres measured in air just after theating procedure. For the fibre referred to as
A (3.8x10° M Photolon) in Fig. 4, the emissi maximum at 646 nm and a shoulder
at 671 nm were recorded. For the &hbwith a lower dye concentration (ZZ0° M
Photolon), assigned to Byaxima at 647 nm and 667 nm were detected. The excita-
tion spectrum shows a stroafsorption at 406 nmid,= 646 nm).
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Photolon dissolved in methanol shotte absorption maximum at 401 nm and
a strong emission at 666 nm. The wavelesgthabsorption and emission maxima in
PBS (pH 7.2) are similar — 403 nm and 646 nm, respectively (Figs. 2 and 3). Both in
methanol and PBS only the free base of Blootis present. Addig hydrochloric acid
to the methanolic solution, however, leadsa protonated form of the dye (emission,
Amax = 646 nm). The addition of acid is crucfat sol-gel preparation, in order to initi-
ate polymerisation, hence this will alsadeto a protonation of the chromophore.
Therefore, as indicated e emissions at 647 and 667 nm, two different species
— the neutral and a protonated form — seem to be present in the sol-gel matrix.

3.4. Spectroscopic examinations of Photolon-doped
sol-gel applicatorsin various environments

Due to a high solubility of Photolon iarganic solvents, fluorescence measure-
ments were done in order to check whether the dopant leaks from the coating and to
detect changes in the spectral propertieshefapplicator. The release of Photolon
from the sol-gel matrix was also checKed aqueous solutions of PBS and Millipore
water as described above, but no fluoresearmuld be detected. Therefore, after the
measurement was completed, the modified fibre was removed and the remaining sol-
vent was examined again.

Figure 5 shows the spectra for a doped filre 0, 3.%10° M Photolon) placed
in methanol. Compared to the measuremerdiiinthe overall intensities are slightly
lower. The fluorescence is recorded in the wavelength range of 620-750 nm. The
emission spectrald.= 395, 407, and 420 nm) do not differ from the spectra in air
(Fig. 4). Emission maxima appear at &d 668 nm. Excitation at 395 nm leads to
strong fluorescence at 668 nm. Upon exatatit 420 nm, the intensity decreases by
up to 50%. Emission at 647 nm leads t8aet band at 408 nm, whereas emission at
667 nm leads to a Soret band at 404 nnmiAor absorption in the Q-band range at
500 nm (Aem= 667 NM) is also observed.

An example of the protonati of a Photolon-doped fibre ghown in Fig. 6. In or-
der to determine the protonated specie®lobtolon encapsulated in the sol-gel ma-
trix, 100ul conc. hydrochloric acid was addetifter 10 minutes, the spectra were
measured (Fig. 6), then the solvent wadaeed by a PSB-buffer. The emission spec-
tra were immediately recorded and theqgass of neutralization was monitored. An
excitation spectrum was recorded before and after protonation.

The emission spectrum of Photolon oas shows strong fluorescence at
Amax= 649 nm L= 410 nm) and a Soret band at 407 gy € 50 nm). In PBS, the
fluorescence is shifted toward 667 nm,{= 405 nm) and the Soret band is deter-
mined to be at 405 nmif,= 666 nm). In accordance to the absorption spectrum of
Photolon in PBS (Fig. 2), the excitation sjpem in PBS shows an additional absorb-
ance at approximately 506 nm.
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Fig. 5. Fluorescence excitation and emission spectra of aRibr20
(3.8x10°° M Photolon) placed in methanol

To monitor the chemical reactivity of the embedded Photolon, the fibre was left in
a solution of zinc acetate (20 mg/ml) in nagibl for 12 h at room temperature. Prior
to this, it was placed in PBS to ensure firesence of the neutral species. After 12 h
the fibre was removed and the solution, as waslthe fibre in the dry state, were ex-
amined. No fluorescence was dagal in the organic solution.

In result, there is another strong fluorescence at 667.898F 395 nm), which is
assigned to the free base of Photolonother emission band is observed at 646 nm
(Zexc= 415 nm) — this may be caused by tlagtial protonation of Photolon. The emis-
sion at 646 nm, however, leads to an exicitaspectrum with a broad Soret-band at
407 nm and a shoulder 416 nm (not shown).

We conclude that no metal insertion tald¢ace. Neither a longer reaction time,
gentle heating of the reaction solution, dgh concentrations of zinc acetate en-
forced metal insertion.

Due to the initial preparation conditionsdato sol-gel polymerisation, the neutral
and the cationic species dfiétolon are present in different amounts. The ratio can be
changed with protonation and by using diffaéreolvents. While the insertion of zinc
into the dye is observed within minutesemhPhotolon is dissolved in methanol, the
doped fibre remains unchanged. It is welbwn [16] that porphyrin monomers exist
only at very low dye concentrations oranstrong acidic medium. Usually, at normal
conditions, porphyrins as well as chlorin wdlimerise. Therefore, we conclude that
besides the limitation due to the pore diaanetf the sol-gel, the embedded Photolon
molecules (preferred species: dimer) cannot be reached by the zinc cations in the sol-
gel matrix. Also, no phenomenon of dye aggation (which happens through a self-



120 A. ULATOWSKA-JARZA et al.

enforced process that builds up supramolecstiarctures, hamely H- (stacked) or J-
(side by side) complexes [17], was noteted during spectroscopic examinations.
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Fig. 6. Excitation and emission spectra from applicator@8 M Photolon)
placed in 0.5 M HCI (dashed line) and PBS-buffer (pH 7.2). Inset: fluorescence
spectral evolution by timé.{,. = 405 nm) duringeaction in PBS

4. Conclusions

Our work was focused on the examination of the optical properties of doped silica
sol-gel coatings, which may be used for photodynamic therapy in situ. It has already
been proved [18] that Bioporphyrine IX-doped sol-gel coatings deposited on the
fibre core changes the light propagation conditions, depending on the Sofegebr
(solvent to precursor molar ratio) and on the coating technology as well. These obser-
vations should be considered in the d¢ontion of sol-gel based applicators.

In this paper, we have shown thdtd®lon entrapped in sol-gel preserves its
chemical activity and may contact with teeternal environment. Chemical reactions
like protonation occurred quite fast. Thizdicates that the interconnected porous
network could be easily penetrated by relatively small molecules. On the other hand,
reactions with zinc cations cannot be digabserved by spectroscopic examination.
The silica sol-gel structure was modified dgding Photolon in such a way that pores
are too small or there is a kinetic effect. The insertion of zinc ions into the sol-gel
matrix might take more time than the duration of our experiments, 72 h at room tem-
perature, and 6 h at 3C€. The diameter of the zinc ion is about 83 pm, and a solva-
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tion sphere has to be taken into account. Solvation phenomena make necessary prepa-
ration of the silica sol-gel matrix with a diareebf pores much larger than that of the
introduced molecule.

The absorption peak of zinc-Protoporphyigri2 times higher and shifted as com-
pared the absorption peak of ProtoporphyKn[18]. We did not observe a similar
phenomenon in the case of Photolon with aitthout Zn ions — the intensity of ab-
sorption is approximately the same. Th@ild explain lack ofa clean signature of
metallation of the chlorin derivative. The Zn-Photolon complex is not so easy distin-
guishable in absorption spectrum.

Photolon molecules did not leave the pores of the silica sol-gel coating and no ag-
gregation was observed. The protonatioPbbtolon occurred slowly when the con-
centration of H ions was low. The higher the concentration dfiehs, the faster
appeared the protonated form of Photolbime deprotonation of the dye, conducted in
a PBS environment (pH~7.2), occurred after 15 min.

Structural changes caused by the additbiPhotolon to the sol-gel matrix influ-
ence not only the optical properties, but atse durability of the coatings. During the
examinations described in this paper, lasting a few days in various conditions (various
solvents, drying in air), no changes ir thtability of coatings were observed. We did
not notice any alterations in the Photolon-doped silica sol-gel coatings.

Further investigations will involve studies on dye metallation (the insertion of Zn
ions) and oxidation (under ;0and HO, conditions). We are going to prepare
Photolon-doped silica sol-gel coatings with various valud® obt onlyR = 20 (cho-
sen because of the quality of the coating, stability, and optical properties).

Acknowledgements

This work was partially financed by the Poliskat®tCommittee for Scientific Research (KBN), Grant
No. 4T11E01124. A. Ulatowska-Jaris an Alexander von Humboldt Foundation research fellow.

References

[1] SNYDERE.G.,Preparation of chlorin e, Patent 2,274,101 USA, (02/1942).

[2] ALLeN E.A. New porphyrinic and chlorophyllic compositions and process therefore, Patent
3,102,891 USA, (1963).

[3] SakATA 1., NAKAJIMA S., Pheophorbide derivatives and alkaline salts thereof, Patent 4,709,022
USA, (11/1987), C.A., 103 (15), 123271s, (1985).

[4] BomMmER J.C.,SVEIDA Z.J.,BURNHAM B.F., Proceedings of 1st International Conference of Clinical
Applications of Photosensitization for&jnosis and Treatment, Tokyo, 1986, p.129.

[5] BomMmER J.C.,BURNHAM B.F., Tetrapyrrol therapeutic agents, Patent 4,656,186 USA (04/1987),
C.A. 106, 85048h, 1987.

[6] KOSTENICHG.A., ZHURAVKIN |.N., ZHAVRID E.A., J. Photochem. Photobiol., 22 (1994), 211.

[7] PARKHOTS M.V., KNYUKSHTO V.N., Isakov G.A., PETROV P.T.,LEPESHKEVICHS.V., KHAIRULLINA A.YA.,
DzHAaGAROV B.A., J. Appl. Spectr., 70 (2003), 921.

[8] KaroTki A., Simultaneous two-photon absorption of tetrapyrrolic molecules: from femtosecond
coherence experiments to photodynamic therapy, Ph.D. Dissertation, Montana State University,
Bozeman, MT, 2003.



122 A. ULATOWSKA-JARZA et al.

[9] Web site: www.belmedpreparaty.com.

[10] PopBIELSKA H., STREK W., DEREN P.,BEDNARKIEWICZ A., Physica Medica, 20, Suppl. | (2004), 61.

[11] Laser-Induced Interstitial Thermotherapy, G. Muller, A. Rogan (Eds.)SPIE Optical Engineering
Press, Bellingham, Washington, USA, 1995.

[12] RoHDE E., MESECKEI. VON RHEINBABEN, PODBIELSKA H., HOPFM., MUELLER G., Med. Laser Appl.,
16 (2001), 81.

[13] LECHNAM., Horowacz ., ULATowskA A., PODBIELSKA H., J. Surf. Coat. Technol., 151&152 (2001), 299.

[14] JELEN L., CEGIELSKI M., ULATOWSKA-JARZA A., PODBIELSKA H., Opt. Appl., 32 (2002), 759.

[15] KoBEL J.,SUCHWALKO A., PODBIELSKA H., ULATOWSKA-JARZA A., Opt. Eng., 42 (2003), 1137.

[16] The Porphyrins, Volume VII: Biochemistry, Part B, D. Dolphin (Ed.), Academic Press, New York, 1979.

[17] FuHrHOPJ.-H., Irreversible Reactions on the Porphyrin Periphery, [in:] The Porphyrins, Vol. 2, D.
Dolphin (Ed.), Academic Press, New York, 1978, p. 255-287.

[18] ULaTowskA-JARZA A., BINDIG U., PODBIELSKA H., ANDRZEJEWSKID., MULLER G., EICHLER H.J.,
SPIE Proc. on Light & Optics in Biomedicine, in press.

Received 24 July 2004
Revised 24 November 2004



