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Abstract 

5-aminolevulinc acid (5-ALA)-based photodynamic therapy (PDT) and photodiagnosis (PD) 

present many advantages over treatments with conventional photosensitizers (PS). It offers great 

tumor specificity, reduced photosensitivity reactions caused by PS accumulation in non-targeted 

tissues and also inherent PS metabolism into endogenous non-fluorescent heme. However, 

chemical instability, low bioavailability and poor pharmacokinetic profile limit systemic efficacy 

of 5-ALA. Here, we present a comprehensive in vitro evaluation of novel phosphatase-sensitive 

prodrugs of 5-ALA. These prodrugs are designed to be activated by ubiquitously expressed 

phosphatases with much improved chemical stability and reduced acute toxicity profile. PpIX 
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kinetic measurements and flow cytometry show accumulation of PpIX upon incubation with 

phosphatase-sensitive prodrugs in PC3 human prostate cell cancer, MCF7 breast adenocarcinoma, 

U87MG glioblastoma, T24 bladder cancer and A549 lung carcinoma cells. They revealed a 

different fluorescence kinetics and dose-response curves for the different types of 5-ALA 

prodrugs. These experiments have allowed us to identify the most promising cancer cell types for 

phospho- 5-ALA prodrugs.  Confocal fluorescence microscopy provided further evidence of 

fluorescent protoporphyrin IX accumulation and sub-cellular localisation. These findings, together 

with the low toxicity profile of phosphatase-sensitive prodrugs of 5-ALA and good response to 

PDT provide solid basis for future translational development in PC3, MCF7 and U87MG cancer 

types. 

 

Introduction 

Photodynamic therapy (PDT) is a treatment modality in which a photosensitizer (PS), light, and 

oxygen are used to produce reactive oxygen species (ROS). ROS can cause damage to different 

cell organelles which ultimately leads to cell death. Furthermore, the intrinsic fluorescence of PSs 

can be used for photodetection (PD).  

5-aminolevulinic acid (5-ALA) is a natural precursor of heme in heme biosynthesis that takes 

part partially in mitochondria and partially in the cytosol in nearly all cells containing a nucleus 

(Figure 1). In malignant cells, the exogenous administration of 5-ALA causes the temporary 

accumulation of a natural PS protoporphyrin IX (PpIX) due to the bypass of the feedback control 

mechanism governed by the free heme. This can be ascribed to altered activities of the enzymes 

involved in heme biosynthesis.1-3 The endogenously produced PpIX is nowadays efficiently 

exploited in 5-ALA-mediated PDT and PD.  
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Figure 1. Schematic representation of the heme biosynthesis. Porphobilinogen (PBG), 

uroporphobilinogen III (URO III), coproporphyrinogen III (COPRO III), protoporphyrinogen III 

(PROTO III), protoporphyrin IX (PpIX). 

 

5-ALA PDT demonstrates many advantages over PDT performed with conventional PS. Since 

5-ALA does not possess properties of a PS, its administration does not provoke major 

photosensitivity reactions caused by PS accumulation in non-targeted tissues hence providing the 

possibility of repeated administration with reduced side effects. Moreover, PpIX produced after 

the administration of 5-ALA may be used not only for PDT, but also for diagnostic purposes to 

identify the early changes in tissues by means of fluorescence PD. During surgery, PD allows the 

identification and resection of very small lesions which are usually missed by conventional naked-

eye examination.4 Although primary employed in the treatment of dermatological conditions like 

actinic keratosis (AK), psoriasis, basal cell carcinoma, squamous cell carcinoma and Bowen’s 

disease, 5-ALA has been tested for the treatment or detection of different malignancies ranging 

from brain tumors to lung cancer.5, 6 Today, 5-ALA has been granted marketing authorization for 
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the treatment of AK7-10 and the fluorescence-guided resection of malignant glioma.4, 11, 12 Although 

showing promise for PDT and PD, 5-ALA has certain drawbacks when it comes to its physico-

chemical properties. Being a charged zwitterion under physiological conditions, 5-ALA cannot 

efficiently pass biological barriers. Its limited bioavailability and poor pharmacokinetic profile 

make 5-ALA suboptimal for systemic administration.13 

To overcome these shortcomings, different strategies have been employed. Up to now, making 

the molecule more lipophilic by esterification of its carboxyl function has provided the most 

effective solution reducing the dose needed for the optimal PpIX production up to 150-fold.14 

Nowadays, 5-ALA-methyl ester (Metvix®)15 is granted use for the treatment of AK and basal cell 

carcinoma and 5-ALA-hexyl ester (ALA-Hex, Hexvix®) for the detection of bladder cancer.16-19 

Albeit improved in the terms of lipophilicity, ALA-Hex remains toxic with a poor systemic 

pharmacokinetic profile thus still not providing an optimal solution for the systemic 

administration.20 

In order to circumvent the problem of poor drug-like properties of 5-ALA and its esters, we 

recently reported new 5-ALA prodrugs where the amino group of ALA-Hex was modified with a 

phosphatase-sensitive linker.21 The presence of phosphatase activity in various tissues and their 

upregulated expression in certain types of cancer might provide a solution for a broader clinical 

application of 5-ALA PDT and PD.22-25  

Phospho-self-immolative 5-ALA (PSI-ALA-Hex) and phospho-5-ALA (P-ALA-Hex) keep the 

lipophilicity of ALA-Hex which facilitates their uptake into cells compared to 5-ALA while having 

reduced acute toxicity and improved stability over a wide range of pH values. In addition, their 

activation and conversion to 5-ALA is controlled and can be tailored with changes to chemical 

structure (Figure 2).  
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In this work we present comprehensive in vitro evaluation of phosphatase-sensitive prodrugs of 

5-ALA in five human cancer cell lines; human bladder carcinoma cell line T24, human lung 

adenocarcinoma cell line A549, human glioblastoma cell line U87MG, human breast 

adenocarcinoma cell line MCF7, and human prostate cancer cells PC3. To assess the 

pharmacological efficacy profile of new prodrugs, we compared the PpIX production in above 

mentioned cells, evaluated the dark- and photo- toxic effects upon exposure to different light doses 

and investigated the intracellular distribution and accumulation of PpIX by means of confocal 

fluorescence microscopy. 

 

Figure 2. Activation of phosphatase-sensitive prodrugs PSI-ALA-Hex and P-ALA-Hex. 
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Materials and methods 

Chemistry 

The compounds PSI-ALA-Hex, P-ALA-Hex and ALA-Hex were synthesized according to 

published procedure.21 The compounds were stored at -25 °C and dissolved in cell media before 

the experiments.  

PSI-ALA-Hex: 1H NMR (300 MHz, CD3OD) δ 5.49 (d, J = 12.6 Hz, 2H), 4.17 – 3.96 (m, 4H), 

3.17 (q, J = 7.3 Hz, 6H), 2.75 (t, J = 6.3 Hz, 2H), 2.57 (t, J = 6.3 Hz, 2H), 1.61 – 1.58  (m, 2H), 

1.45 – 1.17 (m, 15H), 0.99 – 0.81 (m, 3H). 13C NMR (75 MHz, CD3OD) δ 205.49, 173.20, 156.52, 

83.39, 83.33, 64.66, 49.73, 48.69, 48.41, 48.12, 47.84, 47.56, 47.27, 46.99, 46.28, 33.82, 31.43, 

28.49, 27.48, 25.51, 22.44, 13.20, 7.93. LRMS: m/z 368.0 [M-H]-, 737.3 [2M-H]-, 1106.7 [3M-

H]-. HRMS: m/z calculated for C13H23NO9P 368.1116 [M-H]-, observed 368.1115. 

P-ALA-Hex: 1H NMR (300 MHz, CD3OD) δ 7.34 – 7.14 (m, 4H), 7.11 – 6.96 (m, 1H), 4.02 (t, 

J = 6.6 Hz, 2H), 3.82 (d, J = 8.3 Hz, 2H), 3.18 (q, J = 7.3 H, 6H), 2.73 (dd, J = 7.2, 5.6 Hz, 2H), 

2.53 (dd, J = 7.2, 5.5 Hz, 2H), 1.67 – 1.48 (m, 2H), 1.31 (m, 17H), 0.96 – 0.84 (m, 3H). 13C NMR 

(75 MHz, CD3OD) δ 208.05 (d), 173.34, 153.34 (d), 129.12, 123.01, 120.66, 120.60, 64.66, 51.41, 

48.77, 46.58, 33.94, 31.44, 28.51, 27.64, 25.52, 22.46, 13.30, 8.12. LRMS, ESI: m/z 370.4 [M-H], 

741.5 [2M-H]-, 1112.7 [3M-H]-, 372.4 [M+H]+, 743.7 [2M+H]+, 1114.8 [3M+H]+. HRMS: m/z 

calculated for C17H26NO6P 372.1571 [M+H]+, observed 372.1573. 

 

Cell culture 

Human bladder carcinoma cell line T24 (ATTC® HTB-4TM, Manassas, Virginia), human lung 

adenocarcinoma cell line A549 (ATTC® CCL-185TM, Manassas, Virginia), human glioblastoma 

cell line U87MG (ATTC® HTB-14TM, Manassas, Virginia),   human breast adenocarcinoma cell 
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line MCF7 (ATTC® HTB-22TM, Manassas, Virginia) and human prostate cancer cell line PC3 

(ATTC® CRL-1435TM, Manassas, Virginia) were grown as monolayers. Cells were maintained in 

DMEM+GlutaMAXTM-I medium (T24 and A549), MEM (U87MG and MCF7) and F12K nutrient 

mix (PC3). Culture media were supplemented with 10 % fetal calf serum (CVFSVF00-01, 

Eurobio) and 100 µl/ml streptomycin and 100 IU/ml penicillin (15140-122, Thermo Fisher 

Scientific). Cells were cultivated at 37 ⁰C in humidified 95 % air and 5 % CO2 atmosphere and 

routinely maintained by serial passage into a new medium. All cell lines were tested for 

mycoplasma contamination with MycoAlert™ kit (LT07-418, Lonza) prior to experiments. 

 

PpIX fluorescence measurements 

Cells were plated in different densities according to their growth rate. T24 (5000 cells/well), 

PC3 (12000 cells/well), A549 (10000 cells/well), U87MG (10000 cells/well) and MCF7 (10000 

cells/well) were seeded in a 96-well plate (clear bottom black plate, 3603, Corning) one day prior 

to the experiment. For experiments, complete medium was replaced with serum-free medium 

containing increasing concentrations (0.03, 0.10, 0.33, and 1.00 mM) of PSI-ALA-Hex, P-ALA-

Hex and ALA-Hex. The PpIX fluorescence was recorded with a plate reader (Safire, Tecan, 

Switzerland) at different time points (1, 2, 4, 6, 8 and 24 h). Excitation wavelength was set at 405 

nm and emission wavelength at 630 nm. For each experiment, raw data values obtained for the 

PpIX fluorescence measurements were corrected by subtraction of blank values (serum-free cell 

medium, depending on cell type). Mean values and s.d. from for each concentration per plate were 

calculated and plotted for each cell. All figures were generated using GraphPad Prism 6 software. 

P-value < 0.05 was considered as statistically significant. 
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Comparison of PpIX production in cells by flow cytometry 

Cells (PC3, MCF7, T24 and A549) were seeded in 6 well plates (flat bottom cell culture 

microplate, 3505, Corning) and left to attach overnight. The next day, media was aspired and cells 

were treated with serum-free medium containing 0.33 mM of PSI-ALA-Hex, P-ALA-Hex and 

ALA-Hex. After 4 h of incubation in the dark at 37°C, cells were washed with DPBS and 

resuspended in DPBS. PpIX production in cells was assessed using BD LSRFortessa™ cell 

analyzer (BD Biosciences, Franklin Lakes, New Jersey). Excitation wavelength was set at 405 nm 

and emission filter used was 610 ± 20 nm. 

 

Dark- and Phototoxicity 

Upon 24 hours of incubation with PSI-ALA-Hex, P-ALA-Hex or ALA-Hex, cells were washed 

with DPBS and fresh complete medium was put into each well. LumiSource® (PCI Biotech, Oslo, 

Norway) provided a homogeneous blue light for the PDT. Cells were either irradiated with light 

dose of 1.4, 7.1 or 14.3 J/cm2 or kept in the dark. Cell proliferation assays were performed 24 hours 

upon PDT treatment using a Cell Proliferation reagent (WST-1) (11644807001, Roche). The 

absorption was measured at 450 nm with a plate reader (Safire, Tecan, Switzerland). The 

percentage of cell survival was calculated with respect to control samples treated with either 

medium or a solution of DMSO (50 %) in serum-free medium, as follows: [A (test-conc.) - A (100 

% dead) / A (100% viable) - A (100 % dead)] *100. Mean values from three wells were determined 

and expressed as +/- s.d.  

 

Subcellular localization of PpIX in cancer cells 
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Human prostate cancer cells PC3 and breast adenocarcinoma MCF7 cells were seeded into ibidi 

µ-Slides, ibiTreat, 4 (80426-IBI) or 8 (80826-IBI) wells 24 h before the experiment. In order to 

investigate the subcellular distribution of PpIX, cell monolayers were incubated during different 

time periods in the dark at 37°C with 0.33 mM PSI-ALA-Hex, P-ALA-Hex and HAL in serum-

free medium. Control cells were incubated in serum-free medium under the same experimental 

conditions. Cells were then washed with DPBS and incubated for another half hour with 1 μg/mL 

Hoechst 33342 stain (62249, Thermo Fisher Scientific) and 50 nM MitoTracker® Green FM 

(M7514 Thermo Fisher Scientific) or 70 nM of LysoTracker® Green DND-26 (8783 Thermo 

Fisher Scientific). Prior to imaging, cells were washed with DPBS and put in serum-free medium. 

Detection and localization of PpIX fluorescence in cells was done with the Zeiss LSM780 (Jena, 

Germany) inverted confocal microscope. The microscopic images were taken using 405 nm and 

488 nm excitation lasers and 415 – 486 nm, 499 – 561 nm and 615 – 695 nm emission band filters, 

an objective lens Plan-Aprochromat 63 x/1.4 oil DIC M27. During the image acquisition time, 

slides were kept at 37°C in a humidified chamber (INUBTF-WSKM-F1, Tokai Hit, Gendoji-cho, 

Fujinomiya-shi, Shizuoka-ken, Japan). ZEN 2 software (Zeiss, Jena, Germany) was used for image 

processing. The quantification of co-localization between PpIX (red) and MitoTracker® Green FM 

or LysoTracker® Green DND-26 was done by calculating Pearson’s coefficient of correlation 

(PCC) with Imaris x 64 8.0.0 software. PCC values may range between +1 (perfect correlation) 

and -1 (perfect negative correlation), where 0 means no correlation 26. PCC was calculated in 

defined regions of interest (ROI). ROI was defined for each image separately by masking the 

dataset with red channel (PpIX fluorescence). The value of PCC for each experiment is presented 

as means ± s.d. calculated from 3 separate images. 
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Results  

Influence of different 5-ALA derivatives on PpIX production 

Time-dependent PpIX production was evaluated over 24 h in PC3 human prostate cancer, MCF7 

breast adenocarcinoma, U87MG glioblastoma, T24 bladder carcinoma and A549 lung 

adenocarcinoma cells exposed to PSI-ALA-Hex, P-ALA-Hex and ALA-Hex at concentrations 

ranging from 0.03 mM to 1.00 mM. Higher prodrug concentrations (2.00 mM and 3.30 mM) were 

also tested initially (results not shown), but due to the cytotoxicity in the case of PSI-ALA-Hex 

and ALA-Hex, it was decided that the concentrations up to 1.00 mM would be used for further in 

vitro experiments.  

Figure 3 shows the PpIX production in PC3 human prostate cancer cells continuously exposed 

to increasing concentrations of phosphatase-sensitive prodrugs or ALA-Hex for 24 h. PpIX 

fluorescence increased constantly over 24 h for all tested concentrations of PSI-ALA-Hex with its 

highest intensity achieved at 0.33 mM of prodrug concentration. On the other hand, for P-ALA-

Hex, lower prodrug concentrations did not efficiently induce the synthesis of significant amounts 

of PpIX. However, at 1.00 mM of P-ALA-Hex constant increase in PpIX fluorescence was 

observed. ALA-Hex curves were similar to ones obtained with PSI-ALA-Hex except for the lowest 

concentration in which a plateau was reached after 8 h.  
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Figure 3. PpIX production measurements over 24 h in PC3 cells incubated with 0.03, 0.10, 0.33 

and 1.00 mM PSI-ALA-Hex, P-ALA-Hex and ALA-Hex.  

PpIX accumulation is depicted in Figure 4 as a function of prodrug concentration after 4 h in 

five different cancer cell lines. PpIX production was induced in all cells upon exposure to 

phosphatase-sensitive prodrugs of 5-ALA or ALA-Hex. However, important differences in PpIX 

production could be observed between different cancer cell lines. Generally speaking, PSI-ALA-

Hex or ALA-Hex gave similar shaped dose-response curves. The highest PpIX production was 

seen in PC3 cells exposed to 0.33 mM of PSI-ALA-Hex or ALA-Hex (Figure 3, 4 and S1). Overall, 
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while optimal concentration of PSI-ALA-Hex varied between 0.03 and 0.33 mM depending on the 

cell type, P-ALA-Hex had a tendency to induce more PpIX production at higher concentrations. 

When exposed to phosphatase-sensitive prodrugs, PC3, MCF7 and U87MG cells showed PpIX 

production levels comparable to ones induced with ALA-Hex. As a result of these experiments, a 

0.33 mM concentration of phosphatase-sensitive 5-ALA derivatives and ALA-Hex was chosen for 

comparison between different cell lines. 
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Figure 4. PpIX production after 4 h and as a function of concentration in five different cancer 

cell lines incubated with PSI-ALA (circles), P-ALA (squares) and ALA-Hex (triangles).  
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Since the cells were initially plated at different densities, PpIX production was additionally 

evaluated by means of flow cytometry to gain insight into the amount of PpIX produced per cell 

(Figure S2). For this purpose, cells were incubated for 4 h with 0.33 mM of PSI-ALA-Hex, P-

ALA-Hex or ALA-Hex. Results of flow cytometry supported previously observed phenomena 

(Figure S2). PC3 cells showed the highest PpIX production per cell, followed by the MCF7. Again, 

in both of these cell lines, the amount of PpIX synthesized from phosphatase-sensitive prodrugs 

was comparable to ALA-Hex. T24 and A549 produce less PpIX compared to the other cancer 

cells.  

 

Dark- and photo-toxicity 

No dark toxicity was observed for the tested concentrations of phosphatase-sensitive prodrug of 

5-ALA, P-ALA-Hex in all cell lines incubated with the product in the dark for 24 h (Figure S3). 

In the case PSI-ALA-Hex, its dark-toxicity depends on the cell type. While no dark-toxicity can 

be seen in PC3 and A549 cells, PSI-ALA-Hex shows some cytotoxicity at 1.00 mM concentration 

after 24 h incubation with MCF7 and T24 cell lines. No significant difference between PSI-ALA-

Hex, P-ALA-Hex and ALA-Hex was observed in PC3 and MCF7 cells.  

Cell proliferation following PDT (Figure S4) is shown for the optimal prodrug concentration for 

each cell line. Total death was reached after the exposure of PC3 and MCF7 cells to a light dose 

of 1.4 J/cm2. For the A549 and T24 cells, much higher light doses were needed in order to observe 

a cytotoxic effect, 7.4 J/cm2 and 14.1 J/cm2, respectively. These results correlate with the lower 

amounts of PpIX produced in these two cell lines.  
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Subcellular localization of PpIX 

Since the highest amounts of PpIX were produced in the MCF7 human breast adenocarcinoma 

and PC3 prostate cancer cells upon exposure to phosphatase-sensitive prodrugs and ALA-Hex, 

these two cell lines were chosen as model cells for the subcellular localization of PpIX.  

 

    

Figure 5. MCF7 confocal fluorescence micrographs upon 4 h incubation with 0.33 mM (a) PSI-

ALA-Hex, (b) P-ALA-Hex and (c) ALA-Hex, (d) no treatment. Hoechst 33342 was used to label 

the cell nuclei in blue. PpIX fluorescence is shown in red. Magnification 63 x/immersion oil. 

Scale bar 20 μm. 

Live imaging of MCF7 cells was performed to monitor the PpIX fluorescence with 0.33 mM of 

PSI-ALA-Hex, P-ALA-Hex and ALA-Hex. Fluorescence confocal images were taken at 2 h, 4 h 

and 8 h (Figures S5, S6, S7 and S8). In order to determine the localization of PpIX, MitoTracker® 

Green FM was used to label the mitochondria. Results of PpIX accumulation in MCF7 upon the 

incubation with PSI-ALA-Hex and ALA-Hex were compared with another cell line, PC3 (Figures 

S9, S10 and S11).  

In MCF7 cells, PpIX induced fluorescence upon the incubation with PSI-ALA-Hex, P-ALA-

Hex and ALA-Hex was initially dispersed throughout the cytoplasm. At 2 h, the calculated PCC 

between PpIX and the MitoTracker® Green, in the cells incubated with PSI-ALA-Hex, is 
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0.14±0.05.  Figure 5 shows PpIX fluorescence at 4 h. PpIX was observed from well-defined 

regions in the cytoplasm as reported by others 14. Accumulation of PpIX in the plasma membrane 

was also observed. Well-defined spots of PpIX emitted fluorescence seem to be situated closer to 

the cell nuclei at 8 h. Since there was no significant difference observed between PCC values from 

2 h to 8 h in MCF7 cells, or between PSI-ALA-Hex, P-ALA-Hex and ALA-Hex, lysosomes were 

labeled in cells treated with PSI-ALA-Hex at 8 h with LysoTracker® Green to find out if PpIX 

fluorescence correlates with lysosomes (Figure 6). 

In the case of PC3 cells (Figures S8, S9 and S10), at 2 h, PpIX fluorescence was dispersed 

throughout the cytoplasm, but significantly higher coefficient of correlation, 0.42±0.03,  was 

calculated between PpIX and MitoTracker® Green than in MCF7 cells. PCC does not change at 4 

h, but slightly increases to 0.51±0.03 at 8 h. The calculated correlation between PpIX and 

LysoTracker® Green in PC3 cells at 8 h is 0.26±0.03 vs 0.24±0.04 calculated for MCF7 cells 

(Tables S1 and S2) indicating that in these two cell lines only a minor part of PpIX colocalizes 

with lysosomes (Figure 6). Well-defined spots of PpIX fluorescence observed in MCF7 cells seem 

not to be present in PC3 cell line. 
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Figure 6. MCF7 and PC3 confocal fluorescence images after 8 h incubation with 0.33 mM PSI-

ALA-Hex. PpIX fluorescence is represented in red. Mitochondria were labeled with 

MitoTracker® Green FM and LysoTracker® Green DND-26 was used for lysosome labelling. 

Yellow color presents the colocalization between PpIX and MitoTracker® Green FM or 

LysoTracker® Green DND-26. Magnification 63 x/immersion oil. Scale bar 20 μm. 

 

  

MCF7 
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MitoTracker® Green LysoTracker® Green  
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Discussion 

Major efforts have been undertaken to find the optimal strategy for the systemic delivery of 5-

ALA. Best clinical outcome is reached when optimal equilibrium between molecule’s ability to 

pass biological barriers, cell entry, PpIX induction and low toxicity is achieved. Under 

physiological pH found in the systemic circulation, 5-ALA is a zwitterion which greatly impairs 

its ability to pass biological barriers. Despite the fact that many different strategies have been 

employed in order to tackle this problem, up to date, the best option remains to be the esterification 

of 5-ALA carboxylic function. A plethora of 5-ALA esters has been reported with the improved 

lipophilicity and cell uptake.27, 28 However, most of these molecules still remain considerably toxic 

and therefore not suitable for systemic administration 13, 20. Furthermore, the unprotected 5-amino 

group makes the molecule chemically unstable at physiological pH found in bloodstream leading 

to its degradation and irreversible formation of cyclic dimers that are not able to enter the heme 

cycle.29, 30 Although different strategies have been employed in order to protect the 5-amino group 

of 5-ALA while keeping some pharmacological activity, they did not really provide any promising 

candidates for further development.31, 32 

Our approach to protect the amino group in 5-ALA from degradation by integration of 

phosphatase-sensitive moieties aims at providing the stability needed for the systemic 

administration of 5-ALA whilst keeping the toxicity profile low. As it was previously reported, 

both protease-sensitive prodrugs are better tolerated in chick embryos than ALA-Hex. Moreover, 

the acute in vivo toxicity studies showed a 5-fold increase in the tolerated dose of P-ALA-Hex 

compared to ALA-Hex.21  

In this study we compared PSI-ALA-Hex and P-ALA-Hex to ALA-Hex by assessing the 

efficacy of the novel prodrugs to induce the formation of PpIX in five different cancer cell lines. 
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We also evaluated the cytotoxic effects of the prodrugs in the dark and upon the exposure to 

different light doses. Furthermore, we investigated the subcellular distribution of PpIX over time. 

The results show that all the cells used in this study are capable to produce PpIX after exposure to 

phosphatase-sensitive prodrugs.  

Figures 3 and 4 demonstrate that the accumulation of PpIX is dependent on the prodrug used, 

its dose and the cell line. In general, the shape of dose-response curves for PSI-ALA-Hex and 

ALA-Hex is similar. Dose-response curve for P-ALA-Hex differs from the others in PC3, MCF7 

and T24 cells since the PpIX accumulation still raises at 1 mM concentration of this phosphate-

sensitive prodrug. In the case of PSI-ALA-Hex and ALA-Hex, PpIX accumulation decreases and 

is low at 1 mM concentration, probably due to unspecific cell toxicity, especially in the case of 

ALA-Hex (Figure S3). The optimal prodrug concentration differs from one cell line to the other 

probably due to different expression of enzymes needed for the transformation to 5-ALA. Overall, 

optimal concentration values for PSI-ALA-Hex and ALA-Hex are lower than for P-ALA-Hex. 

Altogether, the optimal concentration of PSI-ALA-Hex to induce the maximum PpIX production 

in cells can be compared to ALA-Hex and is between 0.03 and 0.33 mM. On the other hand, a 

higher dose than 1.00 mM of P-ALA-Hex is needed to induce the optimal cell response. This is 

most likely a consequence of different activation rates between the two phosphatase-sensitive 

prodrug classes needed for the conversion to 5-ALA.21 The phenyl-phospho group of P-ALA-Hex 

is not an optimal substrate for alkaline phosphatases and has a very narrow concentration range 

for optimal activity hence the higher concentrations needed for activity.33 

Furthermore, this study revealed that T24 and A549 cells produce significantly less PpIX in 

comparison to PC3 and MCF7 when exposed to 5-ALA prodrugs. Flow-cytometry PpIX 

normalized fluorescence intensities values at 4 h upon the incubation with 0.33 mM PSI-ALA-
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Hex vary from 300 for T24 human bladder cancer and 160 for A549 lung adenocarcinoma to 3150 

in the case of PC3 prostate cancer and 1200 for MCF7 breast adenocarcinoma cells (Figure S2). 

This provides good foundations for the diagnosis or treatment of prostate and breast cancer. 

Consequently, these findings explain lower efficacy of PDT in T24 and A549. It has been 

established that the efficacy of PDT is closely related to the amount of PpIX produced in cells, 

rather than the irradiation dose used.34, 35 Moreover, Moan et al. showed that PpIX generation in 

cells is cell density and cell volume dependent being higher in G2 and M phase in comparison to 

G1.36 Another explanation for the discrepancies in phototoxicity results between different cell lines 

may come from the fact that the photosensitivity of cells is larger in high-density cultures 36. The 

low induction of PpIX production upon the incubation with phosphatase-sensitive prodrugs and 

not with the ALA-Hex in T24 cells might be due to the low expression levels of alkaline 

phosphatase previously reported in these cells.37, 38 Also, T24 were initially plated in lower density 

possibly making them less photosensitive than the PC3 and MCF7 cells.  

ALA-prodrug induced PpIX synthesis, accumulation and its subcellular localization are 

governed by several factors that differ between cell types. The first factor that has to be taken into 

consideration is the prodrug’s uptake mechanism and the rate of uptake, followed by prodrug’s 

metabolism which implicates the expression of different enzymes. Next, mitochondrial metabolic 

activity and the expression of porphyrin transporters like ABCB6 and ABCG2 has to be taken into 

consideration.39-41 In spite of the fact that all cell lines used in our experiments are capable of PpIX 

production upon the incubation of different precursors namely, PSI-ALA-Hex, P-ALA-Hex and 

ALA-Hex, important differences can be seen in the quantity of PpIX produced depending on the 

cell line, type of precursor and its concentration. These results can be explained by the fact that 

each of the precursors used has a different metabolic rate to yield the 5-ALA which enters into the 
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heme cycle. While ALA-Hex, the esterase cleavage directly leads to 5-ALA formation, PSI-ALA-

Hex and P-ALA-Hex are activated in several steps (Figure 2). Although abundantly present in 

tissues, the regulation of alkaline phosphatase expression changes due to different factors 

according to cell type.24, 42, 43 It has to be noted that PSI-ALA-Hex upon activation gives rise to 

the production of formaldehyde. Although participating in fundamental biological pathways in 

cells, the excessive amounts of formaldehyde have toxic effects by inhibiting cell proliferation and 

leading to apoptosis through the upregulation of tumor suppressor genes p53 and p21 responsible 

for the cell cycle regulation.44 Formaldehyde disposal from cells include its reduction to methanol 

via the cytosolic alcohol dehydrogenase (ADH) or by the oxidation to formate catalyzed by ADH3 

in the cytosol or by aldehyde dehydrogenase (ALDH) in the mitochondria.45-47 It has already been 

reported that formaldehyde forming prodrugs can have enhanced cytotoxic effects that are cell 

type dependent, prodrug concentration and the formaldehyde concentration dependent.48 The latter 

may apply on the results obtained by monitoring the PpIX production in different cancer cell types 

(Figure 3, 4, S1 and S2).  

Studies of subcellular localization of PpIX are important because ROS that are formed during 

the PDT have a very short half-life hence the mechanisms of action and effectiveness of PDT will 

depend on where in the cell the PpIX is located.49 These findings may improve the current use of 

PDT and PD in clinics enabling personalized and more targeted cancer therapy and diagnoses. Our 

results are generally in agreement with previously reported studies of PpIX subcellular 

accumulation which demonstrate its dependence on the cell type used for the experiment.40, 50, 51 

Fluorescence images and the calculation of PCC indicate that PpIX accumulation is dependent on 

cell type but does not change for ALA-Hex and new 5-ALA derivatives, PSI-ALA-Hex and P-

ALA-Hex. Different correlation values between PpIX fluorescence and mitochondria were 
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obtained for MCF7 and PC3 cells. In MCF7 cells, correlation between PpIX and mitochondria is 

low with no significant differences between different time points or drugs used. In PC3 cells, PCC 

is higher than in MCF7, but similarly, no major differences between different time points or PSI-

ALA-Hex and ALA-Hex were observed.  

 

Conclusions 

All the assays preformed in this research are based on cell phenotype. We can argue that these 

results demonstrate diverse cellular responses to PpIX overproduction, its accumulation and 

induced dark- and phototoxicity upon the incubation with PSI-ALA-Hex and P-ALA-Hex. The 

novel phospho-double prodrugs of 5-ALA prodrugs induce the production PpIX in several cancer 

cell lines as demonstrated by fluorescence measurements of PpIX accumulation, flow cytometry 

and confocal fluorescence micrographs. Due to low dark- toxicity and good response to PDT, PSI-

ALA-Hex and P-ALA-Hex present good candidates for further translational development of 

glioblastoma, breast and prostate cancer PD and PDT. 
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