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.Abstract. 5-Aminolevulinic acid (5-ALA)is a precursor in

the biosynthesis of haem, External application of 3-ALA

mour ceils has been exploited for photodynamic therapy
(PDT). Experimental human G-3 colonijc tumours were
transplanted into nude mice, and ten mice were treated by
PDT. Ten animais served as controls. We measured a fluores-

tion during PDT showed a change in the intensity and the flu-
orescence spectrum of protoporphyrin  IX caused by
photobleaching and the formation of photoproducts.
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Introduction

Photodynamic therapy (PDT) is a new treatment modality
that involves the systemic or topical administration of a pho-
tosensitiser followed by subsequent exposure to light deliv-
ered from lasers or appropriately filtered lamp sources. This
therapy results in damage to tumour cells (Kelly et al. 1975)
and destruction of the vasculature of the tumour (Henderson
et al. 1985). If the sensitisers accumulate more in malignant
than in normal tissue, selective tumour therapy is possible
(Zalar et al. 1977; Barr et al. 1991). A strong absorption. in

o
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the red or infrared region is advantageous because there isa
deep tissue penetrarion of light in that frequency region.

In our research efforts in this area we used S-amino-
levulinic acid (5-ALA), a precursor and the first commirted
step in the biosynthesis of haem (Fig. 1). In the presence of
excess 5-ALA the natural regulatory feedback system is dis-
turbed,  allowing accumulation of endogenous  pro-
toporphyrin IX, which is an effective sensitiser (Malik and
Djaldetti 1979; Sima er al. 1981; Kennedy et al. 1992;
Charlsworth et al. 1993). Divaris et al. (1990) showed that,
after intraperitoneal administration of 5-ALA o mice. pro-
toporphyrin IX accumulated in the skin, the urothelium of
the bladder and the endometrium of the uterus in sufficient
amounts. This group has also demonstrated thar the underly-
ing layers in these organs exhibited a relatively small con-
centration of sensitisers, which could enable selective trear-
ment of cancers in the endothelium and urotheljum without
causing perforation of the uterus or bladder. Barr et a]. (1988,
1991) could destroy small experimental colon cancers with-
out producing any damage to adjacent norma colon tissue
exposed to similar doses of light. Bedwell et al. (1992) and
Lohetal. ( 1993) showed necrosis of normal mucosa and tu-
mour in the rat colon Sparing normal muscle after PDT, when
5-ALA was given intravenously or orally. :

The purpose of our study was to investigate fluorescence
modification during PDT and the tumour response after PDT
in colonic-tumour—bearing nude mice.

Materials and methods

Chemicals. In this study we used 5-ALA at 7 mg/mouse (Sigma. Germa-
ny). Topical application was carried out with the solvent phosphate-buf-
fered saline (PBS) dimethylsuiphoxide | : |. Intravenous and oral appli-
cation was performed with 5-ALA dissolved in PBS and neutralized.

Tumours and animals. Human G-3 colonic tumours (adenocarcinoma)
were transplanted subcutaneously into 24 female nude mice (NMRI
nuw/nw: body weight about 25 €). When the tumour had reached 1.5 cm in
diameter (after about 4 weeks) PDT treatment was started. 5-ALA was
administered intravenously in ten mice. After an incubation period of 3 h
the tumour was irradiated with the 633-nm wavelength of an argon-laser-
pumped dye laser (100 mW/em?®, 150 J/em?). As controls we used three
tumour-bearing mice that had received i.v. 5-ALA but no irradiation, as
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well as three mice that had undergone tumour irradiation but no 5-ALA
application. Four mice did not receive 5-ALA and were not irradiated
with light. Under general anaesthesia (intramuscular Ketanest), the skin
covering the tumour was carefully removed for treatment. Two weeks af-
ter the first PDT we performed a second PDT with 5-ALA. The tumour
volume was calculated every week by three-dimensional measuring. In
addition to i.v. injection of 5-ALA, we applied the sensitiser topically
(n=2) and orally (n=2). The topical application was done by fixing a
5-ALA-containing cotton swab to the skin above the tumour for 3 h.
5-ALA was mixed into the mouse food for oral application.

Experimental equipment. The equipment of our experimental apparatus
is demonstrated in Fig. 2. An argon-laser-pumped dye laser emitting at
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for excitation of fluorescence (407 nm);
fibre PDT, fibre for PDT treatment

(633 nm); OMA, optical multichannel ana-
lyser

633 nm was chosen as the light source for PDT. The 407-nm line of a
krypton laser was used for excitation of the fluorescence. The back-
ground radiation of the krypton laser, consisting of spontaneous radia-
tion and luminescence from the Brewster windows, was separated using
two quartz prisms.-The 407-nm radiation was coupled into the 0.3-mm
central fibre of a fibre bundle. Eight peripheral fibres were used for de-
tection, transmitting the fluorescence radiation into a polychromator and
an optical multichannel analyser (Konig et al. 1993; Schneckenburger et
al. 1992). The registration of a single spectrum took 20 ms, but was inte-

. grated over 1s. During fluorescence measurement, a shutter stopped

PDT radiation for 1 s. Power densities on the surface of the tumour were
100 mW/cm? for PDT (633 nm) and 5 mW/cm? for fluorescence detec-
tion (407 nm).
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Results

A strong fluorescence with bands around 635 nm and
710 nm in the tumour after intravenous and oral application
of 5-ALA was found. The relative fluorescence distribution
after 5-ALA feeding was the same as after i.v. application.
However, the total intensity was lower than after i.v. appli-
cation. No protoporphyrin IX fluorescence was found in tu-
mours that had received 5-ALA topically on the skin with
intact stratum corneum. All tissues followed the same fluo-
rescence profile. However, we found the fluorescence in-
tensity in tumours to be about eight times higher than in the
surrounding muscle tissue, but lower than in the skin
(Fig. 3). ‘

We also found modifications of the fluorescence spec-
trum during PDT (Fig. 4). The fluorescence intensity around
670 nm increased to a maximum and then slowly decreased.
In contrast, the fluorescence intensities at 635 nm and
710 nm decreased as a result of photobleaching. At the end
of PDT, after a total radiant exposure of 150 J/cm?, no fluo-

] with 5-ALA
800 ‘

rescence in the red spectral region could be measured any
more.

The tumour volume in mice was calculated every week
(Fig. 5). We found no difference in tumour growth within the
three groups of control mice. The proportion of the median
tumour volume after the first week and the first PDT was
1:2.2 in favour of the PDT-treated animals. After the third
week and the second PDT the proportion was 1:6.9. In two
mice the transplanted tumour was destroyed completely after
the second PDT. In the other animals tumour growth could be
inhibited by superficial tumour necrosis but not stopped. Af-
ter 5 weeks, the mean tumour volume proportion was 1 : 8.8.

Discussion

A new method of tumour treatment with PDT has been stud-
ied using 5-ALA. We found that the i.v. injection of 5-ALA
together with the oral application of 5-ALA leads to suffi-
cient protoporphyrin IX to cause tumour reduction when ex-
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posed to red light. However, we found the fluorescence in-
tensity higher after intravenous administration for the same
- initial 5-ALA concentration. In contrast, topical application
of 5-ALA was not possible with intact stratum corneum. Our
findings are consistent with those of Loh et al. (1993) who
found similar fluorescence kinetics also by giving 5-ALA
orally. However, a higher oral dose of ALA was required to
achieve the same level of photosensitivity as an intravenous
administration in normal mucosa in rats. As reported in the
same paper, sufficient fluorescence levels were achieved in
human colonic adenocarcinoma with an oral dose of
30 mg/kg 5-ALA, which is much less than the efficient dose
in small animals. It appears that the oral administration of 5-
ALA is an important and easy aspect of PDT treatment of co-
lonic tumours.

PDT treatment, performed with intravenous application
of 5-ALA, led to a significant reduction in macroscopic tu-
mour volume or tumour destruction. The tumour reduction is
caused by partial tumour necrosis, induced by cytotoxic reac-
tions and possibly indicated by the formation of photoprod-
ucts. However, the depth of tumour necrosis is dependent on
the concentration of the synthesized protoporphyrin IX and
on the tissue penetration of the light. We found a different tu-
mour response even when the PDT treatment was the same.
Probably the behaviour of tumour regrowth is different in
different animals. Bedwell et al. (1992) have shown that a rat
colon tumour has a higher protoporphyrin IX synthetic ca-
pacity compared with normal colonic mucosa and less in the
muscle wall. This correlates with an observed necrosis in the
tumour after PDT treatment, while the normal muscle region
is spared. A similar effect is described for the treatment of
basal cell carcinomas with a complete response rate of 90%
(Kennedy et al. 1990). Only a small amount of fluorescence
could be found under a confocal laser-scan microscope in
muscle tissue of mice bearing mammary carcinoma and
treated with 5-ALA, which again explains the selective ne-
crosis in tumour tissue after PDT treatment (Peng et al.
1992). These results again correlate with findings of Bedwell
et al. (1992) who found a fluorescence difference of 1 : 6 be-
tween tumour and normal tissue in the rat colon after i.v. ap-
plication of 5-ALA. The fluorescence intensity in our exper-

Fig. 5. Photodynamic tumour therapy with 5-ALA,
633 nm, 100 mW/cm?, 150 J/cm?, 3 h after intravenous
5-ALA injection d

Control (n=10)

imental colonic tumours was about eight times as high as in
the surrounding muscle tissue. This concentration difference
raises the possibility of selective necrosis in the tumour dur-
ing PDT.

The high fluorescence intensity in the carcinoma also al-
lows tumour detection, using in vivo fluorescence measure-
ments. The change in fluorescence during PDT can be ex-
plained by the photoreaction of the sensitiser. This process
results finally in photobleaching (Konig et al. 1993) and

. could be used for in vivo measurements of the light dosage.

The formation of a new fluorescence band (around 670 nm),
which we observed at the beginning of irradiation, is possi-
bly due to the formation of fluorescent photoproducts or less
photobleachable aggregates (Inhoffen et al. 1969; Seidlitz et
al. 1992; Valat et al. 1988). Konig et al. (1990, 1993) found
similar modifications of fluorescence during light exposure
when using haematoporphyrin derivative or 5-ALA-induced
protoporphyrin IX. In line with this, the fluorescence decay
kinetics can be related to the fluorescent photoproducts
(Schneckenburger et al. 1992; Yamashita et al. 1984). It is
important to mention that the photochemical process of pro-
ducing new photoproducts requires oxygen (Konig et al.
1990). This is an indication that singlet oxygen is involved.
Obviously this is the main cytotoxic agent responsible for the
photodynamic process.

Further studies will show whether there is a correlation
between tumour fluorescence modifications during PDT and
the cytotoxic effect. Perhaps fluorescence detection during
PDT may give direct information about the biological effi-
ciency and reaction mechanism of the tumour treatment.
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