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ABSTRACT

Photodetection (PD) and photodynamic therapy (PDT) with 5-
aminolevulinic acid (ALA)–induced protoporphyrin IX
(PPIX) accumulation are approaches to detect and treat
dysplasia and early cancer in the gastrointestinal tract and in
the urinary bladder. Because ALA-induced PPIX production
is limited, we synthesized ALA ester hydrochlorides 3–22 and
tested them in two different in vitro models (gastrointestinal
tract: HT29–CCD18; urinary bladder: J82–UROTSA). PPIX
accumulation after incubation with 0.12 mmol/L for 3 h and
PPIX accumulation as a function of different incubation times
were measured using flow cytometry. 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide assays were performed
to check cellular dark toxicity. Phototoxicity after irradiation
was tested. ALA nonafluorohexylester hydrochloride 11, ALA
thiohexylester hydrochloride 13 and ALA dibenzyldiester di-
hydrochloride 19 induced appreciably increased PPIX levels
and showed improved phototoxicity compared with the
references ALA hydrochloride 1, ALA hexylester hydrochlo-
ride 3 and ALA benzylester hydrochloride 4. Thus, the new
compounds 11, 13 and 19 are promising compounds for PD
and PDT.

INTRODUCTION

Photodetection (PD) and photodynamic therapy (PDT) are

techniques currently under clinical assessment for observation

and local destruction of malignant tumors and premalignant

lesions. After application of 5-aminolevulinic acid (ALA), an

increased metabolic formation of protoporphyrin IX (PPIX) is

induced rather specifically in neoplastic tissue. During blue-light

excitation, PPIX with its distinct red fluorescence can be used

for photodetection or applying higher light doses for PDT (1).

In contrast to other photosensitizers such as hematoporphyrin

derivative, PPIX, applied systemically, topically or synthesized

from ALA, shows a very short half-life in the body, and photo-

sensitizing effects do not last much longer than 24 h (2). How-

ever, ALA-induced PPIX accumulation is limited by the high

hydrophilicity of ALA, and therefore fairly high doses are needed

to reach clinically relevant concentrations of PPIX. Hydrophilic

compounds such as ALA poorly cross biological barriers like

cellular membranes (3,4). To overcome this problem, ALA esters

have been used as prodrugs instead of ALA itself. Within the cells

the ALA esters are hydrolyzed by unspecific esterases to give the

parent compound ALA. The improvement of bioavailability of

ALA by application of ALA esters is determined by two processes:

the rate of diffusion of the prodrug through the cell membrane

and its rate of enzymatic conversion into ALA (5). Esterified

derivatives of ALA are currently being investigated as a favorable

alternative to ALA to increase cellular PPIX contents. In addition

to dermatology, possible fields of application of ALA ester–

induced PPIX production for PD and PDT are neurosurgery,

pneumology, gastroenterology, gynecology, urology and oral

surgery.

ALA hydrochloride 1 is increasingly replaced by its esterified

derivatives because of their higher PPIX accumulation. In derma-

tology, ALA methylester hydrochloride 2 is used for PDT of basal

cell carcinoma and actinic ceratosis (6). ALA hexylester hydro-

chloride 3 and ALA benzylester hydrochloride 4 are in clinical

trials for PD and PDT of the gastrointestinal tract and the urinary

bladder (Fig. 1).

To enhance PPIX accumulation beyond the level achievable

with ALA hexylester hydrochloride 3 and ALA benzylester

hydrochloride 4, we synthesized the ALA oxaalkylester hydro-

chlorides 5–8, the fluorinated ALA alkylester hydrochlorides 9–12,
the ALA thiohexylester hydrochloride 13, the ALA benzylester

hydrochlorides 14–19 and miscellaneous other ALA ester hydro-

chlorides 20–22. PPIX accumulation and phototoxicity were

evaluated by in vitro studies (7) (Fig. 2).

MATERIALS AND METHODS

The synthesis of compounds 2–6 has been described by Takeya (8) and
Berg et al. (9).

Thionyl chloride method (8). An excess of the dry commercially
available alcohol (20 mL) was cooled to 08C, and freshly distilled thionyl
chloride (3.0 mL, 41.4 mmol) was added. ALA hydrochloride (0.5 g, 3
mmol) was added to the solution. The solution was stirred at 608C for 5 h.
Then, the excess of alcohol was evaporated in vacuo. After recrystallization
from methanol–diethylether at�208C, the pure ALA esters 3, 4, 5–8 and 15
were obtained as the hydrochloride salts (Fig. 3).
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Carbodiimide coupling. ALA ester hydrochlorides 9–14 and 16–22 were
prepared in a three-step synthesis consisting of t-butyloxycarbonyl (BOC)
protection of ALA hydrochloride (9), esterification (10) and deprotection.
An aqueous solution of ALA hydrochloride (420 mg, 2.5 mmol) in 5 mL of
water was adjusted to pH 8.5 with 1 N NaOH. After addition of di-tert-
butyldicarbonate (1.16 g, 3 mmol) in 5 mL of dioxan, the solution was
stirred for 18 h at room temperature. Excess of di-tert-butyldicarbonate was
removed by extraction with diethylether. After acidifying the aqueous
solution with 1 N HCl and extraction with ethyl acetate, 5-tert-butyloxy-
carbonyl aminolevulinic acid was obtained as a colorless oil.
To an ice-cooled solution of 300 mg (1.3 mmol) of 5-tert-butyloxy-

carbonyl aminolevulinic acid, 120 mg (1 mmol) of dimethylaminopyridine,
1.5 mmol of the corresponding commercially available alcohol and 257 mg
(1.6 mmol) of 1-ethyl-3-[3-dimethyl(aminopropyl)]carbodiimide hydro-
chloride were added. The solution was stirred for 2 h at 08C and then for
48 h at room temperature. After evaporation of the solvent, the residue was
dissolved in water. Extraction with ethyl acetate, washing the organic layer
with 10% aqueous NaHCO3 solution and removal of the solvent gave the
BOC-protected ALA esters, which were purified by column chromatogra-
phy (SiO2, MeOH–CH2Cl2 40:1).
To an ice-cooled solution of 0.25 mmol BOC-protected ALA ester in

5 mL of ethyl acetate, 5 mL of HCl-saturated ethyl acetate was added.
After 30 min, the ice bath was removed, and the solution was stirred for
3 h at room temperature. Removal of the solvent and recrystallization (ethyl

acetate–petroleum ether) afforded the pure water-soluble ALA ester
hydrochlorides (Fig. 4).

1H-nuclear magnetic resonance and mass spectrometry data. Com-
pound 7: 1H-nuclear magnetic resonance (NMR) (dimethyl sulfoxide
[DMSO-D6]): d 1.56 (m, 4H, 2CH2), 2.55/2.80 (AA9BB9 system, 4H,
2CH2), 3.22 (s, 3H, CH3), 3.32 (m, 2H, CH2), 3.95 (s, 2H, CH2), 4.02 (m,
2H, CH2), 8.31 (s, 3H, NH3). Mass spectrometry (MS) PI-DCI (NH3)
C10H20ClNO4 (253.7) m/z (%): 218.1 (MH-HCl, 100). Compound 8: 1H-
NMR (DMSO-D6): d 2.57/2.79 (AA9BB9 system, 4H, 2CH2), 3.30–3.60
(m, 7H, 2CH2, CH3), 3.77 (m, 2H, CH2), 3.97 (s, 2H, CH2), 4.11 (m, 2H,
CH2), 8.05 (3H, NH3). MS PI-DCI (NH3) C10H20ClNO5 (269.7) m/z (%):
234.0 (MH-HCl, 100). Compound 9: 1H-NMR (D2O): d 2.73/2.85
(AA9BB9 system, 4H, 2CH2), 4.10 (s, 2H, CH2), 4.57–4.68 (m, 2H,
CH2). MS PI-DCI (NH3) C10H12ClF8NO3 (349.6) m/z (%): 314.2 (MH-
HCl, 100). Compound 10: 1H-NMR (D2O): d 2.85/2.90 (AA9BB9 system,
4H, 2CH2), 4.10 (s, 2H, CH2), 4.57–4.68 (t, 3J(H-F)5 13.7 Hz, 2H, CH2),
6.13–6.67 (tt, 2J(H-F)5 51.1 Hz, 3J(H-F)5 5.5 Hz, 1H, CH). MS PI-DCI
(NH3) C10H12ClF8NO3 (381.7) m/z (%): 346.3 (MH-HCl, 100). Compound
11: 1H-NMR (D2O): d 2.40–2.57 (tt, 3J(H-H)5 6.1 Hz, 3J(H-F)5 19.4 Hz,
2H, CH2), 2.62/2.79 (AA9BB9 system, 4H, 2CH2), 4.00 (s, 2H, CH2), 4.34
(t, 3J(H-H)56.1 Hz, 2H, CH2). MS PI-DCI (NH3) C11H13ClF9NO3 (413.7)
m/z (%): 378.3 (MH-HCl, 100). Compound 12: 1H-NMR (D2O): d 2.71/
2.84 (AA9BB9 system, 4H, 2CH2), 4.00 (s, 2H, CH2), 4.76 (m, 2H, CH2).
MS PI-DCI (NH3) C12H11ClF19NO3 (499.3) m/z (%): 464.2 (MH-HCl,

Figure 2. ALA ester hydrochlorides 5–22.

Figure 1. ALA hydrochloride 1, ALA methylester hydrochloride 2, ALA
hexylester hydrochloride 3 and ALA benzylester hydrochloride 4.

Figure 3. Synthesis of ALA ester hydrochlorides with thionyl chloride.
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100). Compound 13: 1H-NMR (D2O): d 0.88 (t, 3J(H-H) 5 6.8 Hz, 3H,
CH3), 1.20–1.40 (m, 6H, 3CH2), 1.55 (m, 2H, CH2), 2.79–3.14 (m, 6H,
3CH2), 4.27 (s, 2H, CH2), 8.17 (br. s, 3H, NH3). MS PI-DCI (NH3)
C11H22ClNO2S (267.8) m/z (%): 232.2 (MH-HCl, 100). Compound 14: 1H-
NMR (D2O): d 2.70/2.82 (AA9BB9 system, 4H, 2CH2), 3.99 (s, 2H, CH2),
5.16 (s, 2H, CH2), 7.48/8.13 (AA9BB9 system, 4H, 4CH). MS PI-DCI
(NH3) C12H15ClN2O5 (302.7) m/z (%): 267.3 (MH-HCl, 100). Compound
15: 1H-NMR (D2O): d 2.62/2.83 (AA9BB9 system, 4H, 2CH2), 3.98 (s, 2H,
CH2), 5.08 (s, 2H, CH2), 7.19/7.41 (AA9BB9 system, 4H, 4CH). MS PI-
DCI (NH3) C12H15ClFNO3 (275.7) m/z (%): 240.3 (MH-HCl, 66), 133.1
(100). Compound 16: 1H-NMR (D2O): d 2.65/2.80 (AA9BB9 system, 4H,
2CH2), 4.08 (s, 2H, CH2), 5.10 (s, 2H, CH2), 7.45/7.62 (AA9BB9 system,
4H, 4CH). MS PI-DCI (NH3) C13H15ClF3NO3 (325.7) m/z (%): 290.4
(MH-HCl, 100). Compound 17: 1H-NMR (D2O): d 2.65/2.80 (AA9BB9
system, 4H, 2CH2), 4.08 (s, 2H, CH2), 5.10 (s, 2H, CH2), 7.12 (m, 1H, CH).
MS ESI (CH3OH, 1% HAc) C12H12ClF4NO3 (329.7) m/z (%): 294.0 (MH-
HCl, 100). Compound 18: 1H-NMR (D2O): d 2.59/2.79 (AA9BB9 system,
4H, 2CH2), 3.98 (s, 2H, CH2), 5.17 (s, 2H, CH2). MS PI-DCI (NH3)
C12H11ClF5NO3 (347.7) m/z (%): 312.1 (MH-HCl, 62.2); 133.1 (100).
Compound 19: 1H-NMR (D2O): d 2.64/2.81 (AA9BB9 system, 8H, 4CH2),
3.98 (s, 4H, 2CH2), 5.05 (s, 4H, 2CH2), 7.32 (s, 4H, 4CH). MS ESI
(CH3OH, 1% HAc) C18H26Cl2N2O6 (437.3) m/z (%): 365.0 (MH-2HCl,
100). Compound 20: 1H-NMR (D2O): d 2.72/2.87 (AA9BB9 system, 4H,
2CH2), 3.22–3.28 (m, 4H, 2CH2), 3.98 (m, 1H, CH), 4.02 (s, 2H, CH2). MS
ESI (CH3OH, 1% HAc) C8H20Cl3N3O3 (312.6) m/z (%): 203.8 (MH-3HCl,
100). Compound 21: 1H-NMR (D2O): d 2.62/2.81 (AA9BB9 system, 8H,
4CH2), 4.15 (s, 4H, 2CH2), 4.23 (s, 4H, 2CH2). MS ESI (CH3OH, 1% HAc)
C12H22Cl2N2O6 (361.2) m/z (%): 288.9 (MH-2HCl, 100). Compound 22:
1H-NMR (D2O): d 2.65/2.83 (AA9BB9 system, 16H, 8CH2), 3.97–4.15 (m,
16H, 8CH2). MS ESI (CH3OH/H2O, 1% HAc) C25H44Cl4N4O12 (734.5) m/
z (%): 589.2 (MH-4HCl, 15); 295.2 (1/2(M-4HCl) þ H, 100).

Cell lines. The human adenocarcinoma cell line HT29 and the human
colonic fibroblast cell line CCD18 were used as an in vitro model for the
gastrointestinal tract. For the urothelium the human urothelial carcinoma
cell line J82 and the human urothelial cell line UROTSA were chosen as an
in vitro model. The cell line HT29 [G2] was maintained in Dulbecco
modified Eagle medium (Sigma, Deisenhofen, Germany) supplemented
with 5% fetal calf serum (FCS; Sigma). The cell line CCD18 was
maintained in modified Eagle mediumþ 10% FCS. The urothelial cell lines
J82 [G3] and UROTSA were maintained in Roswell Park Memorial
Institute 1640 medium (Biochrom, Berlin, Germany) supplemented with
5% FCS, 1% L-glutamine and 1% sodium pyruvate (GIBCO, Eggenstein,
Germany) and were kept at 378C in a humidified atmosphere containing 5%
carbon dioxide. Cells were subcultured before reaching plateau growth
using 0.1% trypsin–0.04% ethylenediaminetetraacetic acid (GIBCO) in
phosphate-buffered saline (PBS; Biochrom). Experiments were performed
with postconfluent cells (cell density/growth period: HT29, 53 104/cm2/7
days; CCD18, 13104/cm2/8 days; J82, 63103/cm2/8 days; UROTSA, 63
103/cm2/10 days).

Incubation. Stock solutions of ALA hydrochloride 1 and ALA ester
hydrochlorides 3–22 were prepared in deionized water at a concentration of
0.6 mol/L and stored at�208C. For each experiment, the stock solution was
diluted with culture medium without FCS. Before addition of ALA–ALA
ester solutions, the cell layer was rinsed with PBS to remove remaining

FCS. Cells were cultivated in six well plates and incubated with ALA and
ALA esters for 5–180 min at 378C in the dark using an incubation volume
of 2 mL. In subsequent handling, care was taken to avoid exposure to light.
Determination of ALA-induced fluorescence by flow cytometry. After

incubation, cells were trypsinized, removed from the six well plates and
resuspended in medium without FCS to yield a cell concentration of about
53105 cells/mL. The cellular fluorescence was quantified by a FACScalibur
cytometer (Becton-Dickinson, Heidelberg, Germany). ALA-induced fluo-
rescence was excited by an argon ion laser emitting at 488 nm and collected
by a photomultiplier after passing through a 670 nm long-pass filter. The
flow rate was adjusted to about 2000 events/s, and 2 3 104 events were
recorded for each sample. The same instrument settings were used for all
experiments. The stability of the cytometer was maintained by weekly
calibration using the AUTOCOMP software (Becton-Dickinson). Data were
recorded and analyzed with the CellQuest program (Becton-Dickinson).
Debris and cell aggregates were excluded from analysis using forward
and side scatter signals. To compensate for autofluorescence, the mean
fluorescence of ALA–ALA ester-incubated cells was determined by cor-
recting with the mean fluorescence of sham-treated control cells in each
individual experiment. To relate fluorescence intensities with PPIX con-
centrations, PPIX levels (ng/mg protein) were calculated by correlating
from a calibration curve obtained by an extraction method as described by
Krieg et al. (11)
Screening of compounds. To identify promising ALA derivatives for PD

and PDT, a screening of ALA hydrochloride 1 and ALA ester hydro-
chlorides 3–22 was performed. The four human cell lines (HT29–CCD18,
J82–UROTSA) were incubated for 3 h with ALA hydrochloride 1 and ALA
ester hydrochlorides 3–22 using a concentration of 0.12 mmol/L. PPIX
accumulation was quantified using flow cytometry. 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were carried out as
described by Hausmann (7) to ensure that ALA and ALA esters did not
show cellular toxicity.
Time-dependent measurements. To optimize the use of ALA esters in

PD and PDT, the carcinoma cell lines HT29 and J82 were incubated with
ALA hydrochloride 1 and ALA ester hydrochlorides 3, 4, 11, 13 and 19
using different incubation times (5, 30, 180 min, 0.12 mmol/L). After the
respective incubation periods, the cells were washed with PBS, and new
culture medium without ALA or ALA esters was added. After altogether
3 h of metabolization, PPIX accumulation was measured using flow
cytometry.
Phototoxicity measurements. For quantification of PPIX-induced photo-

toxicity, the cell lines HT29 and CCD18 were incubated (0.12 mmol/L, 3 h)
with ALA hydrochloride 1 and ALA ester hydrochlorides 3, 11, 13 and 19
in medium without FCS. After incubation, the cells were irradiated using an
incoherent xenon light source (k5 590–700 nm). Energy densities of 0–30
J/cm2 were applied. Irradiated cells were cultivated for 24 h. Then, they
were trypsinized and seeded in 96 well plates. After 24 h of growth, MTT
tests were performed to examine cellular vitality.
Data analysis and statistics. All experiments were performed at least

three times. Data are presented as mean and standard deviation of the
mean. Fluorescence kinetics were fitted according to the Michaelis Menten
model using Sigma Plot 2.0 (Jandel Corporation, San Raphael, CA). For
quantification of phototoxicity, the cellular vitalities in dependence on
applied energy densities were fitted according to a four-parametric function

Figure 5. PPIX accumulation measured by flow cytometry in colon
carcinoma cell line HT29 induced by the references ALA hydrochloride 1,
ALA hexylester hydrochloride 3, ALA benzylester hydrochloride 4 and
ALA ester hydrochlorides 5–22 (0.12 mmol/L, 3 h).

Figure 4. Synthesis of ALA ester hydrochlorides using carbodiimide
coupling.
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using Sigma Plot 2.0. Using these data, values of lethal dose (50%) (LD50)
were determined.

RESULTS

In a flow cytometric screening, the PPIX accumulation efficiency

of ALA hydrochloride 1 and ALA ester hydrochlorides 3–22 was

examined. The resulting PPIX levels in HT29 after incubation with

0.12 mmol/L for 3 h are presented in Fig. 5. PPIX accumulation

ranged from 9.3 to 292.1 ng PPIX/mg protein. ALA hydrochloride

1 induced a very low PPIX level, whereas the commercial ALA

hexylester hydrochloride 3 and ALA benzylester hydrochloride 4
established PPIX levels of the order of 180–195 ng PPIX/mg

protein, which successful new ALA esters have to exceed. ALA

oxaalkylester hydrochlorides 5–8 and ALA ester hydrochlorides

20–22 were not able to generate significant PPIX levels except 21,
which matched the levels generated by 3 and 4.
In the series of the fluorinated ALA alkylester hydrochlorides

9–13, the short-chain C4 derivative did not achieve the level of 3
and 4, whereas the long-chain C7 derivative did. Interestingly, the

middle-chain C5- and C6 derivatives 10 and 11 definitely

outperformed references 3 and 4 in the PPIX accumulation (Fig.

5). The same was true for ALA thiohexylester hydrochloride 13.
In the group of the ALA benzylester hydrochlorides 14–19

the fluorinated ALA benzylester hydrochlorides 15–18 generated

similar PPIX contents as 3 and 4. Interestingly, ALA nitro-

benzylester hydrochloride 14 and ALA dibenzyldiester dihydro-

chloride 19 surpassed 3 and 4 appreciably (Fig. 5).

Compared with HT29 the colon fibroblast cell line CCD18 led to

very low PPIX accumulation levels, ranging from 3.9 to 6.3 ng

PPIX/mg protein (7) (data not shown). For the most successful com-

pounds 11, 13 and 19 the PPIX accumulation in CCD18 cells can be

calculated from the HT29–CCD18 ratios given together with those

of the reference compounds 1 and 3 in Fig. 7 (see below).

PPIX levels induced in J82 cells by ALA hydrochloride 1 and

ALA ester hydrochlorides 3–22 ranged from 14.2 to 69.8 ng PPIX/

mg protein as shown in Fig. 6. It is obvious that the overall trend

is very similar to the results for the HT29 cells shown in Fig. 5.

Importantly, the fluorinated ALA ester hydrochlorides 10–12, ALA
thiohexylester hydrochloride 13 and ALA benzyldiester dihydro-

chloride 19 exceeded the reference compounds 3 and 4. Thus,
compared with the HT29 cells in the experiments with J82 cells the

fluorinated compound 12 improved and the benzylester 14 fell

back, leaving 11, 13 and 19 as the most promising compounds

successful in both systems.

PPIX ratios between tumor cells and normal cells were formed

for the pairs HT29–CCD18 (gastrointestinal tract model) and J82–

UROTSA (urinary bladder model). Enrichment factors for 11, 13
and 19 are 45–55 for HT29–CCD18 (Fig. 7) and 1.7–2.2 for J82–

UROTSA (Fig. 8) in both systems, being higher than for the

reference compounds 1 and 3.
MTT assays were performed to ensure that the new ALA ester

hydrochlorides did not show dark toxicity. No significant cellular

dark toxicity was obtained for any MTT-tested compound (data not

shown), when compared with sham-treated controls (7).

Figure 7. PPIX ratios (HT29–CCD18) induced by the references ALA
hydrochloride 1, ALA hexylester hydrochloride 3 and ALA ester hydro-
chlorides 11, 13 and 19 (0.12 mmol/L, 3 h).

Figure 8. PPIX ratios (J82–UROTSA) induced by the references ALA
hydrochloride 1, ALA hexylester hydrochloride 3 and ALA ester hydro-
chlorides 11, 13 and 19 (0.12 mmol/L, 3 h).

Figure 6. PPIX accumulation measured by flow cytometry in urothelial
carcinoma cell line J82 induced by the references ALA hydrochloride 1,
ALA hexylester hydrochloride 3, ALA benzylester hydrochloride 4 and
ALA ester hydrochlorides 5–22 (0.12 mmol/L, 3 h).

Figure 9. Time-dependent PPIX accumulation in HT29 induced by the
references ALA hydrochloride 1, ALA hexylester hydrochloride 3, ALA
benzylester hydrochloride 4 and ALA ester hydrochlorides 11, 13 and 19.
Abscissa: incubation time with ALA derivatives followed by 3 h of
metabolization as described in the Materials and Methods.
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The time dependence of PPIX accumulation is shown in Fig.

9 (HT29) and Fig. 10 (J82). In the measurement of the time-

dependent PPIX accumulation in HT29 cells (Fig. 9), ALA 1 gave

low PPIX levels, whereas ALA hexylester hydrochloride 3 and

ALA benzylester hydrochloride 4 induced a steep increase in PPIX

formation. Interestingly, the new compounds 11 and 13 showed the
same steep increase, achieving PPIX levels clearly above those

achieved by 3 and 4. The curve of 19 grew more slowly. However,

after 10 min it exceeded the curves of 3 and 4 and continued to

grow after 50 min, producing the highest PPIX levels of all the

compounds tested.

In the time-dependence studies of PPIX accumulation in the cell

line J82 (Fig. 10), ALA 1 formed more PPIX than in the HT29 cell

line, although it still strongly fell behind all the esters that show

a behavior similar to that shown in Fig. 9. After about 30 min, the

curves of the new esters 13 and 19 exceeded the curves of 3 and 4.
The curve of the fluorinated ALA ester hydrochloride 11 showed the

steepest increase in PPIX accumulation and stayed above the curves

of all the other tested compounds within the time period of 3 h.

To examine the efficiency of the new compounds for PDT,

phototoxicity experiments were performed. In Fig. 11, phototox-

icity curves of ALA hydrochloride 1, ALA hexylester hydrochlo-

ride 3 and the new ALA ester hydrochlorides 11, 13 and 19 are

shown for HT29. Cellular vitalities were obtained using MTT

assays (7) correlated to nonirradiated controls. The curve of ALA 1
demonstrated that no decrease in the cellular vitality occurred for

applied energy densities smaller than 5 J/cm2, whereas ALA

hexylester hydrochloride 3 induced a remarkable decrease in

cellular vitality already at about 3.5 J/cm2. For the new compounds

11, 13 and 19, a steep decrease in cellular vitality was observed

using energy densities higher than 1 J/cm2.

The higher phototoxicity of ALA ester hydrochlorides 11, 13
and 19 with respect to ALA 1 and ALA hexylester hydrochloride

3 is a consequence of higher PPIX accumulation. Thus, energy

densities necessary for reducing cellular vitality (LD50 values)

could be minimized by the new compounds 11, 13 and 19 (LD50:

1.8–2.1 J/cm2) compared with the references ALA 1 (LD50: 9.7 J/

cm2) and ALA hexylester hydrochloride 3 (LD50: 4.3 J/cm2).

The ratios of LD50 values between tumor cells and normal cells

(HT29–CCD18) were calculated (Fig. 12). Small LD50 ratios mean

a predominant destruction of cancerous cells compared with

normal tissue under identical conditions. In this regard, LD50 ratios

were greatly reduced by ALA ester hydrochlorides 11, 13 and 19
(0.11–0.18). The references ALA hydrochloride 1 (0.52) and ALA

hexylester hydrochloride 3 (0.32) showed much higher ratios.

DISCUSSION

In vitro studies of ALA esters had shown that ALA hexylester

hydrochloride 3 and ALA benzylester hydrochloride 4 induced

high intracellular PPIX levels (6). Lengthening or shortening as

well as branching the alkyl chain of the esters led to a reduction in

PPIX accumulation (12). The present study examines the effects of

new ALA esters on ALA-induced PPIX accumulation in two in
vitro models for the gastrointestinal tract and the urinary bladder.

Several factors contribute to the success of ALA esters. Fast

cellular uptake and rapid ester hydrolysis are prerequisites for high

intracellular PPIX levels induced by ALA esters. Both diffusion

across cell membranes and enzymatic conversion into ALA are

influenced by steric and electronic effects.

Depending on the solubility of ALA hydrochloride 1 in the

corresponding alcohol, two different procedures, the thionyl

chloride method and the carbodiimide coupling involving BOC

protection, esterification and deprotection, were used to synthesize

ALA ester hydrochlorides 3–22 in good yields.

Fluorinated ALA alkylesters, especially ALA nonafluorohexy-

lester hydrochloride 11, induced high PPIX levels. Obviously, the

electron-withdrawing effect of the fluoro substituents activated the

esters for nucleophilic attack, and ester hydrolysis occurred more

rapidly than in nonactivated esters, leading to PPIX contents,

which exceeded those achievable with the references ALA

hexylester hydrochloride 3 and ALA benzylester hydrochloride

4. Because ALA amides afforded only low PPIX levels (7), we

Figure 11. Photoxicity induced by the references ALA hydrochloride 1,
ALA hexylester hydrochlorides 3 and ALA ester hydrochlorides 11, 13 and
19 in HT29.

Figure 12. LD50 ratios (HT29–CCD18) induced by the references ALA
hydrochloride 1, ALA hexylester hydrochloride 3 and ALA ester hydro-
chlorides 11, 13 and 19.

Figure 10. Time-dependent PPIX accumulation in J82 induced by the
references ALA hydrochloride 1, ALA hexylester hydrochloride 3, ALA
benzylester hydrochloride 4 and ALA ester hydrochlorides 11, 13 and 19.
Abscissa: incubation time with ALA derivatives followed by 3 h of
metabolization as described in the Materials and Methods.
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investigated ALA thiohexylester hydrochloride 13, the thio

analogue of ALA hexylester hydrochloride 3, which also should

be hydrolysed easily. In fact, ALA thiohexylester hydrochloride 13
gave a distinctly higher PPIX accumulation than ALA hexylester

hydrochloride 3. In this case, a beneficial effect for PPIX

accumulation could be the stimulation of ALA dehydrogenase by

the hexanethiol formed during hydrolysis (13). In our ester

screening, ALA dibenzyldiester dihydrochloride 19, containing

two times the effective benzylester substructure, turned out to be

another promising prodrug exceeding the PPIX levels established

by the references 3 and 4.
Summarizing, in a series of experiments, new ALA ester

hydrochlorides, in particular 11, 13 and 19, proved to be superior

to ALA hydrochloride 1 as well as its hexyl and benzyl esters 3 and

4, respectively. Measurement of PPIX accumulation (0.12 mmol/L

for 3 h) and determination of time-dependent PPIX formation

showed that ALA ester hydrochlorides 11, 13 and 19 induced higher
PPIX levels compared with compounds 1, 3 and 4. Furthermore,

PPIX ratios between tumor cells and normal cells were increased for

11, 13 and 19. As a consequence of the higher PPIX accumulation,

the new ALA ester hydrochlorides 11, 13 and 19 afforded improved

phototoxicity with respect to the reference substances, resulting in

lower LD50 values. Thus, the new ALA ester hydrochlorides 11, 13
and 19 exhibiting no dark toxicity are promising candidates for

photodynamic diagnosis and PDT. Further investigations on animal

models such as ulcerative colitis will have to demonstrate the

suitability of the new esters 11, 13 and 19 (14). It is well known that
in vitro properties of ALA esters are quite different from their in vivo
properties. Therefore, esters poorly performing in this study might

show better performance in in vivo studies.
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