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Abstract 

Aqueous solutions of 5-aminolevulinic acid (ALA) prepared for intravesical instillation in the framework of a clinical study on the 
fluorescence diagnosis of urothelial bladder cancer were found to be unstable. This chemical instability of ALA was studied in aqueous 
solution of 37 *C as a function of concentration, pH and reaction time. Our investigations showed that the reaction of ALA is an irreversible 
process, which yields at least two reaction products in the pH range studied (pH lower than 8): the 2,5-(/3-carboxyethyl)dihydropyrazine 
and the 2,5-(/3-carboxyethyl)pyrazine. As a result of these studies, the conditions for the preparation of ALA solutions to be used for 
intravesical instillation were optimized: solutions of ALA in phosphate-buffered saline at a concentration of 0.18 M (3 g of ALA in 100 ml) 
neutralized to pH 5, were prepared and stored on ice until use. Solutions prepared under these conditions were stable and were used for 
fluorescence diagnosis of bladder tumours with successful results. The effect of the pH and the composition of the urine on the extent of the 
reaction of ALA and on the nature of its reaction products formed during instillation was investigated by comparing the urine of patients 
before and immediately after instillation of ALA. 
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1. Introduction 

5-aminolevulinic acid (ALA) has been found to induce 
the formation of photosensitizing concentrations of endoge- 
nous protoporphyrin IX (PPIX) in certain types of cell and 
tissue [ 1,2]. Because of advantages such as tissue specificity, 
rapid clearance of induced photosensitizer and possibility of 
topical administration of ALA-induced PPIX compared with 
exogenous photosensitizers, ALA has been extensively used 
in the last years in both pre-clinical and clinical studies on 
photodynamic therapy (PDT) and fluorescence diagnosis. 

Our group is involved in different clinical studies on pho- 
todynamic therapy and fluorescence diagnosis with ALA- 
induced PPIX, conducted in collaboration with several 
departments of the Medical University in Liibeck [3,4]. In 
all these clinical studies, ALA is applied to the tissue at high 
concentrations and is usually neutralized to a pH well toler- 
ated by the tissue [5 ]. During the preparation of aqueous 
solutions of ALA under the conditions used for instillation 
into the human bladder, the solutions turned from colourless 
to yellow within minutes as they were buffered to neutral pH. 
Furthermore, the colour of the solutions became more intense 
with time and their pH decreased significantly even in the 
presence of a phosphate buffer. These changes revealed the 
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occurrence of a chemical reaction of ALA which is not desir- 
able for clinical application owing to the practical problems 
derived and, more important, owing to the potential toxicity 
of the reaction products and the possible decrease in the 
efficacy of the instillation. Experiments were therefore per- 
formed to study the reaction of ALA in aqueous solution as 
a function of different parameters (pH, concentration, tem- 
perature and time) in order to determine the conditions under 
which ALA is stable, to find out whether the reaction is 
reversible and to characterize the reaction products. 

It is well known that in vivo ALA undergoes an enzymat- 
ically induced dimerization to give porphobilinogen in the 
biosynthetic pathway to haem [6]. However, in the absence 
of the corresponding enzymes, the spontaneous dimerization 
of ALA yields different cyclic products. Granick and Man- 
zerall [ 7 ] reported the dimerization of ALA to 2,5- (/~-car- 
boxyethyl)dihydropyrazine (CHPY) in alkaline solution. 
Later, Franck and Stratmann [8] showed that in alkaline 
solution the condensation of two molecules of ALA leads to 
two products in the ratio of 1:10, the minor product being 
identified as porphobilinogen and the predominant product 
as the unstable and difficult-to-isolate CHPY. Recently, But- 
ler and George [ 9] identified three condensation products of 
ALA in aqueous solution depending on the reaction condi- 
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tions: the CHPY, which is formed at moderate pH under 
anaerobic conditions and yields 2,5-(/3-carboxyethyl)- 
pyrazine (CPY) by aerial oxidation, and pseudo-porphobi- 
linogen, obtained in strongly alkaline conditions together 
with the dihydropyrazine. The data of these workers indicated 
that no porphobilinogen is formed in the non-enzymatic 
cyclic dimerization of ALA. 

These previous studies showed that ALA reacts in aqueous 
solution to yield several condensation products. However, 
the controversial results obtained by the different workers 
show the complexity of the reaction of ALA, typical of car- 
bonyl group reactions [ 10]. The conditions (concentration, 
temperature etc.) necessary for this reaction to take place 
were not investigated, so that the stability range of ALA is 
not yet defined. Furthermore, it must be proved that the prod- 
ucts of the reaction of ALA after long reaction times (6 h) 
at high temperatures (70-100 °C) are the same as those which 
form in the presence of urine and at much milder conditions, 
e.g during the instillation into the bladder of patients ( !-2 h 
at 37 °C). Therefore the reaction of ALA in the present study 
has been investigated in aqueous solution under the latter 
conditions in order to identify the reaction products and to 
estimate the stability of ALA as a function of pH and con- 
centration during the times relevant for instillation. This study 
was performed using the UV-visible absorption spectroscopy 
technique. 

2. Experimental details 

Aqueous solutions of ALA at different pH and concentra- 
tion values were prepared by dissolving the appropriate 
amount of 5-aminolevulinic acid hydrochloride (Merck) in 
bidistilled water and adding NaOH (Merck, p.a.) to obtain 
the required pH. All solutions were buffered using a ten-times 
concentrated Dulbecco's phosphate-buffered saline (Gibco 
BRL) to obtain the phosphate and salts concentrations usu- 
ally used for biological media (total concentration of phos- 
phates, 9.6 mM; concentration of additional salts, 0.140 M). 
Saline without bivalent cations was used to avoid the for- 
mation of ALA precipitates in basic media. HCi (Merck) 
was added if necessary to acidify the solutions of ALA. 
Anaerobic solutions were prepared by bubbling nitrogen in 
the aqueous solution for 1 h before adding ALA. 

A clinical study on the fluorescence diagnosis of bladder 
tumours [ 3] was performed on ten patients using solutions 
of ALA prepared under optimized conditions derived from 
the studies in aqueous solution. For the first two patients, 
solutions of ALA at pH 5.5 were used. The good results 
obtained in these case~, i.e. no irritation or damage of the 
bladder tissue and a pronounced fluorescence of ALA- 
induced PPIX, led to a further decrease in the pH to pH 5.0. 
The concentration of the ALA solutions was 0.18 M in all 
cases and a volume of 50 ml was instilled. The instillation 
time was 1 h for the first two patients and 2 h for the other 
eight patients. Samples of urine were collected before and 

immediately after the instillation of ALA into the bladder of 
the patients and were kept on ice until their analyses. Note 
that the samples of urine collected after the instillation of 
ALA (ALA-urine) contained, in addition to the urine pro- 
duced during the instillation, the ALA which was not taken 
up by the bladder cells and the products of the non-enzymatic 
condensation of ALA formed during the instillation. Dilute 
solutions ( 1 / 100) of the urine collected after the instillation 
of ALA were prepared immediately after collection and were 
also kept on ice. The urine collected before the instillation 
was diluted 200 times to allow the measurement of the absorp- 
tion spectra. 

pH was measured with a WTW pH meter (model 521) 
equipped with a combined pH electrode (WTW type E56). 
Absorption spectra were measured with a UV-visible spec- 
trometer Lambda 14P from Perkin-Elmer. 

3. Results and discussion 

3.1. Reaction of 5-aminolevulinic acid in aqueous solution 

Stock solutions of ALA at pH 7.3-7.4 and different con- 
centrations (0.005 M, 0.18 M and 0.30 M) were prepared 
and kept at 37 °C. The two more concentrated solutions turned 
yellow when being neutralized and their pH decreased rap- 
idly. 3 min after preparation, aliquots of the stock solutions 
were taken to obtain 5 mM dilute solutions of pH 7.3, whose 
absorption spectra are shown in Fig. 1 (a). The spectrum of 
the 5 mM stock (full curve) is identical with the absorption 
spectrum of ALA, whereas the spectra corresponding to the 
0.18 M and 0.30 M stock solutions show a new band at about 
350 nm, as well as changes in the form of the spectrum at 
shorter wavelengths. These changes in colour, pH and absorp- 
tion spectra of the concentrate stocks reflect the occurrence 
of a chemical reaction of ALA. Furthermore, this reaction is 
largely dependent on the initial concentration of ALA, but it 
cannot be attributed to a simple aggregation process, since 
the spectral changes are permanent after dilution of the con- 
centrated stocks. 

Using the same dilution procedure, the absorption spectra 
of the three samples were measured 1 h after preparation of 
the stocks (Fig. 1 (b)) .  After this time interval, the spectrum 
of the 5 mM stock solution already differs from that of ALA, 
showing analogous changes to the spectra of the concentrated 
solutions after reaction for 3 min, which can be explained as 
above. However, a new band at about 275 nm becomes dis- 
tinct in the spectra corresponding to the concentrated stocks 
after reaction for 1 h. For a given initial concentration of 
ALA, the ratio of the absorbance at 275 nm to that at 350 nm 
increases with increasing reaction time, although the decrease 
in the concentration of ALA due to the reaction causes a 
decrease in the absorbance at 275 nm and has no effect on 
the absorbance at the 350 nm band. These facts can only be 
interpreted by the contribution of at least two different 
absorbing species to the experimental absorption spectra, so 



M. Novo et al. / Journal of Photochemistry and Photobiology B: Biology 34 (1996) 143-148 145 

Z / n m  0.4 

200 

0.5 ' 

0.4 

cD 
o 
c 0.3 t~ 

..Q 
t ~  

0 
0.2 . o  < 

0.1 

0.0 

0.5 

250 300 350 400 450 
' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' 

a 

l 
l 
i 

0.4 

o 
" 0.3 
k _  

0 
¢~ 0.2 . o  < 

0.1 

0.0 
200 

_ ~ ' 

_ I 
- I 
- t 
- I /^1 
- t i 
_ I i 

- -  I 

- I 
- ~ 

- -  \ 

b -1 

:1 

i 
- \ 
- \ 

250 300 350 400 450 

Z / n m  

F i g .  1. A b s o r p t i o n  s p e c t r a  o f  A L A  s o l u t i o n s  ( 5  m M ;  p H  7 . 3 )  w h i c h  w e r e  

p r e p a r e d  f r o m  A L A  s t o c k s  o f  p H  7 . 3 - 7 . 4  a t  t h r e e  d i f f e r e n t  c o n c e n t r a t i o n s ,  

n a m e l y  5 m M  ( ) ,  0 . 1 8  M ( -  - - )  a n d  0 . 3 0  M ( .  • • ) ,  a f t e r  r e a c t i o n  

( a )  f o r  3 r a i n  a t  3 7  *C a n d  ( b )  f o r  1 h a t  3 7  ° C .  

that the absorption band at 275 nm must be due to a second 
product of the reaction of ALA. Studying the effect of oxygen 
on the absorption spectra of a reacting solution of ALA 
allowed us to assign these two absorption bands to the reac- 
tion products identified by Butler and George [9]. The 
absorption spectrum of a solution of ALA reacting under 
anaerobic conditions (Fig. 2) shows an intense band at about 
350 nm and a shoulder at the low-wavelength absorption 
band, which must be attributed to the dihydropyrazine CHPY, 
the only product of ALA reaction in the absence of oxygen. 
When a small amount of oxygen was allowed to enter into 
the stock solution, the absorption spectrum changed signifi- 
cantly (Fig. 2), decreasing the absorbance at the 350 nm 
band as a new band appears at about 275 nm, as observed for 
the aerated solutions. These facts are perfectly explicable by 
the oxidation of CHPY to give CPY, so that the concentration 
of CHPY decreases as CPY is formed, this product being 
responsible for the absorption band at 275 nm which increases 
in intensity as the concentration of CPY becomes higher. 

In addition to the concentration dependence, the occur- 
rence of the reaction of ALA was found to be strongly depend- 
ent on the pH. When ALA is dissolved in water without 
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Fig. 2. Absorption spectra o f  A L A  solutions (4.6 raM; pH 7.3), which were 
prepared from a deareated stock o fpH  7.9 and concentration 0.27 M reacting 
at room temperature: - - ,  after reaction for 5 min; • •. ,  after letting 
some oxygen enter into the stock. 

adding NaOH, the acid solution obtained (0.3 M; pH 2) is 
stable, showing an absorption spectrum which is invariable 
with time and has no band at wavelengths longer than 320 
nm. The reaction of ALA in the pH range relevant for clinical 
use was studied by preparing stock solutions of ALA of the 
same concentration (0.18 M) and different pH values (5.2, 
6.3 and 7.4), which were left to react at 37 °C for several 
hours. It was observed that, although the same concentration 
of phosphate buffer was present in all three solutions, the 
acidity of the stock at pH 5.2 did not vary during the reaction, 
whereas the pH values of the other two stocks decreased 
significantly, as indicated in Fig. 3 (a). Since the absorbances 
of the stock solutions both at 350 nm and at 275 nm were too 
high to be measured, the absorbance of the CHPY was 
detected at 400 nm instead of 350 nm as a function of the 
reaction time (Fig. 3(a) ). Dilute solutions (5 mM; pH 7.3) 
were thus prepared from each stock at different reaction times 
in order to measure the absorbance at 275 nm (Fig. 3(b) ). 
Since neither ALA nor CPY absorbs at 400 nm, the absorb- 
ance measured at this wavelength is proportional to the con- 
eentration of CHPY formed in the reaction of ALA. The data 
in Fig. 3 (a) show that the concentration of CHPY increases 
very rapidly in the first 10-15 min of reaction at any pH, 
indicating that the rate of formation of this product is high. 
However, about ten times more product is formed during that 
reaction time in the pH 7.4 stock solution than at pH 5.2, and 
two times more than in the stock of pH 6.3. This suggests 
that the rate of formation of CHPY is strongly dependent on 
the pH and this may be due to the different reactivities of the 
protonated and deprotonated forms of ALA and/or to an 
acid-base catalysis of the reaction. At longer reaction times 
the behaviour of the 400 nm absorbance is different for the 
three stock solutions. It increases slowly with increasing reac- 
tion time in the solution at pH 5.2, and in contrast decreases 
slightly in the pH 6.3 stock and significantly in the pH 7.4 
stock. These different variations in the concentration of 
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Fig. 3. Time dependence of the reaction of ALA at 37 °C for solutions of 
concentration 0.18 M and different initial pH values. (a) Absorbances at 
400 nm vs. reaction time of ALA stock solutions of pH 5.19 (O), pH 6.3 i 
(&) and pH 7.44 (II). The pH of the ,;~e,~:~ ~olutions is indicated at three 
reaction times. (b) Absorbances at 275 nm nteasured !,~: the dilute solutions 
(5 mM; pH 7.3) which were prepared from those stocks at different reaction 
times. 

CHPY as a function of reaction time can be explained by the 
further reaction of CHPY to give CPY, whose rate would 

depend on the concentration of CHPY and therefore would 
be higher as the pH of the stock increases. The data of the 
275 nm absorbances (Fig. 3(b))  are in keeping with this 
interpretation. The rate of increase in the absorbance meas- 
ured as the slope of the curves is ten and 20 times higher for 
the solutions of pH 6.3 and pH 7.4 respectively, than for the 
pH 5.2 stock. This indicates that the rate of formation of CPY 
increases strongly with increasing pH. 

The potential reversibility of the reaction of ALA was 
checked by comparing the absorption spectra of two acid 
diluted solutions of ALA: one prepared from an acid and 
stable stock solution and the other from a reacting stock (data 
not shown). These spectra were very different; the former 
coincided with the absorption spectrum of ALA at low pH, 
whereas the latter showed the presence of the reaction prod- 
ucts of ALA. Hence, the reaction of ALA is not reversible by 
acidification. 

The pH dependence of the reaction of ALA can be 
explained on the basis of the acid-base equilibria of this 
aminoacid (Scheme 1). The values of the corresponding 
acidity constants were determined spectrophotometrically 
and are pK~ = 4.05 + 0.05 and pK2 = 8.3 -t- 0.1. These values 
indicate that the zwitterion is the major species present in the 
pH range between 5 and 7.5, although significant amounts of 
the two other acid-base species exist depending on the acid- 
ity. Thus, at pH 5, about 10% of the molecules of ALA are 
cations whereas, at pH 7.3, about 10% of the ALA molecules 
are anions. According to these results, a scheme similar to 
that proposed by Butler and George [9] could explain the 
reaction of ALA, where the anion, a species with a deproton- 
ated amino group, is the only one that is able to react with 
the ketone group of a neighbouring molecule to yield the 
cyclic dihydropyrazine (Scheme 1 ). For the condensation to 
occur, the amino group of ALA should be deprotonated. This 
explains the strong pH dependence of the reaction, since the 
concentration of the anion increases with the pH, as shown 
above. Therefore the solutions of ALA are only stable at such 
high acidities where the anion does not exist (note that, 
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although at pH 5.2 the concentration of that species is only 
0.07% of the total concentration of ALA, some reaction does 
occur as shown in Fig. 3). Furthermore, as the anion reacts, 
the concentration of protons increases in the solutions of ALA 
in order to keep the equilibrium zwitterion-anion (see 
Scheme 1 ), explaining the decrease in the pH observed during 
the reaction of ALA. Independent of the mechanism of the 
reaction, the study of which is beyond the objectives of this 
work, it can be expected that the condensation of two mole- 
cules will be strongly influenced by the concentration, tem- 
perature and viscosity. Those parameters together with the 
acidity must be optimized and controlled in order to avoid 
the reaction of ALA used in clinical studies of PDT and 
fluorescence diagnosis. 

3.2. Reaction of 5-aminolevulinic acid during instillation 
in the human bladder 

On the basis of our results, conditions for the preparation 
of ALA solutions to be instilled into the bladder of patients 
for the fluorescence diagnosis of bladder tumours were opti- 
mized. Since the concentrations of ALA for clinical use 
should be high enough to induce the accumulation of detect- 
able amounts of PPIX, a minimal concentration of 0.18 M 
(3 g of ALA in 100 ml of phosphate buffer) was used. The 
pH of the solutions was reduced to pH 5, which is near to the 
limit of tolerance of the bladder, since the pH range of human 
urine can vary from 4.8 to 8.4 [ 11 ]. Finally, the temperature 
should be controlled by cooling the stocks used for the prep- 
aration of the solution of ALA, preparing the mixture on ice 
and storing the resulting solution at low temperatures. Solu- 
tions of ALA prepared and kept under these conditions were 
stable for several days. 

In order to study the reaction of ALA during instillation in 
the human bladder, absorption spectra and pH of the patients' 
urine collected before and immediately after the instillation 
were measured. The pH of urine collected before the instil- 
lation differed significantly among the different patients, 
varying from pH 5.1 to pH 7.7. A general decrease in pH was 
observed in the urine after the instillation of ALA. However, 
for those patients whose urine showed a pH higher than 6.5 
before instillation, the pH of the ALA-urine was still higher 
than 6. This means that the urine produced during the instil- 
lation can significantly increase the pH of the solution of 
ALA, thus leading to a higher rate of non-enzymatic conden- 
sation of ALA. 

Difference spectra were obtained by subtraction of the 
absorption spectra of urine collected before the instillation of 
ALA from those of the ALA-urine, previously normalized 
at short wavelengths. Fig. 4(a) shows a typical difference 
spectrum (dotted curve) compared with the absorption spec- 
trum of a dilute solution obtained after reaction for 2 h at 
37 °C of a 3% stock of ALA of pH 6.3 (full curve), which 
accounts for the reaction in aqueous solution under similar 
conditions (these two spectra have been normalized at 277 
nm to allow comparison). The similarities between the dif- 
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Fig. 4. (a) Absorption spectrum of a dilute aqueous solution of ALA (5 
raM; pH 7.3) prepared from a stock of concentration 0.18 M and pH 6.31 
( ), and difference spectrum obtained from the absorption spectra of 
the urine of a patient by substraction of the spectrum of the urine collected 
before the instillation of ALA from that of the ALA-urine (. • • ). The 
spectra were normalized at 277 nm to allow comparison. (b) Plot of areas 
between 250 and 320 nm of the difference spectra obtained as explained 
above vs. pH of the ALA-urine for the patients with 2 h of instillation. 

ference spectra and that obtained in aqueous solution suggest 
that the pyrazine CPY is also formed by reaction of ALA in 
urine. The slight differences might be attributed to an effect 
of the medium or to further reaction of the CPY with con- 
stituents of the urine. The accuracy of the difference spectra 
is not high enough to detect the absorption of the CHPY. 

The areas between 250 nm and 320 nm of those difference 
spectra were determined and a correlation with the pH of the 
ALA-urine was found (Fig. 4(b)).  The absorption of the 
reaction product increased with increasing pH. This result 
shows again the necessity to control the pH not only before 
but also during the instillation in order to avoid the non- 
enzymatic reaction of ALA. These variations could be 
avoided by adding a sufficient amount of a suitable buffer to 
the solution of ALA, or by controlling the pH of the urine of 
the patients by means of a suitable diet. 
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