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A B S T R A C T   

Glioblastoma multiforme is one of the most aggressive cancer forms in humans, and has low recovery rates after 
surgery, ionizing radiation and chemotherapy. Therefore, there is a high interest in the development of new 
treatment methods, as for instance photodynamic therapy (PDT). It is here presented results of the cytotoxic 
properties of the novel compound N1-(4-(4-(benzyl(methyl)amino)thieno[2,3-d]pyrimidin-6-yl)benzyl)-N2,N2- 
dimethylethane-1,2-diamine (1), which was found ten-fold more active on the rat glioma cell model F98 than the 
reference drug Temozolomide (TMZ). Further cell survival studies showed a profound increase in F98 cell death 
on UVA-radiation (330 nm, 0.5 mW/cm2). Photochemical internalization induced delivery of compound 1, but in 
contrast to the cytostatic drug Bleomycin, a higher cytotoxicity was not observed. Localization studies using 
fluorescence microscopy revealed that compound 1 readily internalized into the cytosol but did not enter the cell 
nucleus. The compound was shown to be a relatively weak epidermal growth factor receptor inhibitor, which is 
not likely to explain its cytotoxicity. However, the quantum efficiency for generation of singlet oxygen was 23%, 
suggesting generation of reactive oxygen species as one possible mechanism. Although more studies are needed 
to reveal detailed mode of action, compound 1 is a promising photosensitizer candidate for further development 
in tests of animal models.   

1. Introduction 

Glioblastoma multiforme (GBM) is a highly malignant brain tumor. 
Typical therapy includes surgery, radiotherapy, and chemotherapy. 
Temozolomide (TMZ) is one of the most used chemotherapeutic agents 
acting by methylation of guanine residues in DNA triggering cell death 
[1]. However, effective treatment of GBM is complicated by tumor 
heterogeneity, rapid proliferation, and infiltrating capacity as well as 
development of resistance towards drugs. Moreover, treatment with 
TMZ is linked to several adverse effects and there is a need to identify 
new efficient chemical agents with both a larger safety margin and a 
higher efficiency. Various kinase targets have been evaluated for ther
apy including epidermal growth factor receptor (EGFR) [2, 3], CDK4/6 

[4], glycogen synthase kinase (GSK) [5], colony-stimulating factor 1 
receptor (CSF-1R) [6], and kinases in the apoptotic pathway [7]. How
ever, so far limited success has been obtained. 

Thienopyrimidines are a class of heterocyclic compounds, which 
depending on their detailed substitution pattern possesses various bio
logical activity [8–12]. Moreover, a number of thienopyrimidine de
rivatives have shown potent activity towards cancer cell lines and 
specific oncogenes [13–19]. 

Photodynamic therapy (PDT) is an established technique for clinical 
treatment of cancers. Briefly, a photosensitizer is administered to the 
tumor lesion, and by light activation, a photochemical reaction is initi
ated and eventually results in the generation of reactive oxygen species 
(ROS), which damage the membrane or internal cell functions to cause 
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cell death [20, 21]. The molecular structure and chemical properties of a 
photosensitizer govern the wavelength of light needed, and the effective 
light dose and mechanisms of action by ROS production. Production of 
reactive free radicals is usually defined as a ‘type I’ reaction whereas 
processes that rely on singlet oxygen and related ROS are called ‘type II’ 
reactions. The localization of cellular damage (subsequent cellular or 
sub-cellular) depends on the hydrophobicity, charge, and chemistry of 
the designed molecules [22]. During the application of PDT on glioma or 
brain cancer, the drug or nanocarrier enters the systemic circulation and 
flows as per the blood distribution pattern [23]. In an overview of PDT 
molecules previously used for glioma treatment, Dubey et al. listed 
porphyrin-based PS, 5-aminolevulinic based molecules (5-ALA), and 
phthalocyanines [24]. 

The hydrophobic PDT molecules are often delivered by suitable 
carriers, liposomes [25], and dendrimers, while hydrophilic photosen
sitizers can be delivered in aqueous suspension for the treatment of 
gliomas. Other classes of drugs are explored for applications in PDT 
mediated glioma treatment, as the well-tested water-soluble 5-ALA, with 
a well known potential in PDT [26, 27]. 

Concerning delivery of the drug in the treatment of glioma, the 
blood-brain barrier (BBB) represents a very important obstacle and has 
been fundamental to blocking progress in development of new thera
peutics for brain disorders as gliomas. Certain small molecule drugs may 
hovever cross the BBB via lipid-mediated free diffusion, providing the 
drug has a molecular weight <400 Da and forms <8 hydrogen bonds, 
while larger molecules can be reengineered with a Trojan horse delivery 
system to access receptor-mediated transport [28]. Madsen and 
Hirschberg concluded that crossing of BBB depends on light fluence and 
contrast by using focused ultrasound during their in vivo experiments on 
Fisher rats [29]. Their results showed that the technique causes suffi
cient opening of the BBB to allow the passage of a high molecular weight 
chemotherapeutic agent into glioma infiltrated brain. Photofrin associ
ated PDT was used in the first randomized clinical trial on high-grade 
glioma [30], and followed up with 5-ALA based PDT in phase III ran
domized clinical trial [31], where 5-ALA is a precursor of the endoge
nous porphyrin photosensitizer, protoporphyrin IX. On the other hand, 
TMZ is the most common drug used to treat brain tumors such as glio
blastoma multiforme or anaplastic astrocytoma [32]. However, PDT is a 
potential intervention for cancer treatment, and it is of major interest to 
identify new photosensitizers. 

Herein, we have biologically evaluated compound 1, (Fig. 1) by cell 
survival experiments in the rat glioma cell line F98, performed locali
zation by fluorescence microscopy, and attempted photodynamic ther
apy on glioma cells. Compound 1 has a remarkably high cell activity 
compared to the established drug TMZ. The results of this study, using 
F98 glioma cells, are important for further in vivo PDT experiments. 
Thus, a rat glioma model (Fisher 344 rats) has recently been established 
at our lab where the same type of cells is instilled (orthotopic cancer 
model) and illuminated after drilling holes in the skull (unpublished). To 
document the fluorescing properties of compound 1, both quantum yield 
and singlet oxygen were calculated and documented promising effects 
on cell death on rat F98 cells. Also, photodynamic therapy (PDT) by 
using UVA-radiation indicates intracellular accumulations in cytosolic 
compartments resulting in increased cellular death. The unique inter
vention process, photochemical internalization (PCI), involving the 
release of endocytosed macromolecules into the cytosolic matrix, is also 

evaluated for compound 1. PCI was developed as a method for light- 
enhanced cytosolic release of membrane-impermeable molecules that 
have been taken up by cells and entrapped in endocytic vesicles [33]. 

2. Materials and methods 

2.1. Chemicals 

RPMI-1640 medium, L-glutamine, fetal bovine serum (FBS), sodium 
pyruvate, nonessential amino acids, trypsin, and phosphate-buffered 
saline (PBS) were obtained from Gibco BRL, Life Technologies 
(Inchinnan, Scotland). Gentamicin sulfate was purchased from Schering 
Corp (Kenilworth, NJ) and absolute ethanol from Arcus A/S (Oslo, 
Norway), the MTT solution; 3-(4, 5 dimethylthiazol-2-yl)− 2, 5- 
diphenyl-tetrazoliumbromide) from Sigma-Aldrich (St. Louis, MO). 
Other chemicals were of the highest quality commercially available. 

2.2. Synthesis of compound 1 

2.2.1. N-Benzyl-6‑bromo-N-methylthieno[2,3-d]pyrimidine-4-amine (3) 
To 6‑bromo-4-chlorothieno[2,3-d]pyrimidine (1.06 g, 4.22 mmol) 

was added N-benzylmethylamine (0.97 g, 8 mmol, 1.9 equiv.) and iso
propanol (12 ml). The mixture was stirred under an N2-atmosphere for 
24 h at 80 ◦C until full conversion. After removal of the solvent, the 
product was diluted with diethyl ether (150 ml) and washed with water 
(3 × 50 ml). The combined organic phase was then washed with a 
saturated NaCl solution (20 ml), dried over anhydrous Na2SO4, filtered, 
and concentrated in vacuo. Purification using silica-gel column chro
matography (EtOAc/n-pentane 1/5, Rf = 0.30) gave 1.16 g (3.48 mmol, 
82%) of 3 as a pale yellow solid; mp. 129–130 ◦C, 1H NMR (400 MHz, 
DMSO‑d6) δ: 8.35 (s, 1H), 7.71 (s, 1H), 7.38 - 7.31 (m, 2H), 7.30–7.24 
(m, 3H), 5.03 (s, 2H), 3.35 (s, 3H); 13C NMR (150 MHz, DMSO‑d6/ 
CDCl3): 169.4, 156.4, 152.5, 136.9, 128.3 (2C), 126.9, 126.7 (2C), 
124.5, 115.6, 108.6, 53.6, 38.2; IR (neat, cm− 1): 1546, 1500, 1403, 
1019, 969, 731, 697, 465. HRMS (TOF, ASAP+, m/z): found 334.0019, 
calcd for C14H13N3S79Br, (M + H)+, 334.0014. 

2.2.2. 4-(4-(Benzyl(methyl)amino)thieno[2,3-d]pyrimidin-6-yl) 
benzaldehyde (4) 

N-Benzyl-6‑bromo-N-methylthieno[2,3-d]pyrimidin-4-amine (800 
mg, 2.39 mmol), 4-formylphenylboronic acid (431 mg, 2.87 mmol, 1.2 
equiv.), Pd(PPh3)4 (128 mg, 111 μmol, 0.02 equiv) and K2CO3 (1.20 g, 
8.68 mmol, 3.6 equiv.) were dissolved in a 1/1 solvent mixture of H2O 
(8 ml) and 1,4-dioxane (8 ml). The mixture was stirred under an N2- 
atmosphere for 2 h at 110 ◦C. The solvents were then removed, and the 
product was dissolved in EtOAc (100 ml) and washed with water (3 ×
80 ml). The combined organic phases were then washed with a saturated 
NaCl solution (60 ml), dried over anhydrous Na2SO4, filtered, and 
concentrated in vacuo. Purification using silica-gel column chromatog
raphy (EtOAc/n-pentane, 1/3, Rf = 0.27) gave 356 mg (990 μmol, 41%) 
of 4 as a fluorescent yellow powder; mp. 139–142 ◦C; 1H NMR (400 
MHz, CDCl3) δ: 10.00 (s, 1H), 8.50 (s, 1H), 7.91 – 7.84 (m, 2H), 7.68 – 
7.54 (m, 2H), 7.62 (s, 1H), 7.44 – 7.28 (m, 5H), 5.08 (s, 2H), 3.44 (s, 3H); 
13C NMR (101 MHz, CDCl3) δ: 191.3, 169.6, 158.5, 153.5, 139.4, 137.0, 
136.4, 135.7, 130.4 (2C), 129.0 (2C), 127.7, 126.9 (2C), 126.3 (2C), 
119.0, 116.9, 54.9, 38.6; IR (neat, cm-1): 1701, 1543, 1499, 1398, 1019, 
966, 835, 812, 771, 725; HRMS (TOF, ASAP+, m/z): found 360.1175, 
calcd for C21H18NOS, (M + H)+, 360.1171. 

2.2.3. N1-(4-(4-(Benzyl(methyl)amino)thieno[2,3-d]pyrimidin-6-yl) 
benzyl)-N2,N2-dimethylethane-1,2-diamine (1) 

4-(4-(Benzyl(methyl)amino)thieno[2,3-d]pyrimidin-6-yl)benzalde
hyde (106 mg, 294 μmol) and N1,N1-dimethylethane-1,2-diamine (30 
mg, 340 μmol, 1.1 equiv.) were dissolved in dichloromethane (5 ml). 
The mixture was stirred for 4 h at room temperature. The solvent was 
then removed, before adding MeOH (10 ml) and NaBH4 (20 mg, 582 

Fig. 1. Structure of N1-(4-(4-(benzyl(methyl)amino)thieno[2,3-d]pyrimidin-6- 
yl)benzyl)-N2,N2-dimethylethane-1,2-diamine (1) and Temozolomide (TMZ). 
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μmol, 1.8 equiv.). The mixture was stirred for additional 4 h at room 
temperature. Water (30 ml) was added, and the mixture extracted with 
EtOAc (3 × 100 ml). The combined organic phases were washed with a 
saturated NaCl solution (30 ml), dried over anhydrous Na2SO4, filtered 
and concentrated in vacuo. Purification using silica-gel column chro
matography (CH2Cl2/EtOH/NH3, 70/30/2, Rf = 0.20) gave 87 mg (201 
μmol, 68%) of 1 as a semi-solid; 1H NMR (400 MHz, CDCl3) δ 8.47 (s, 
1H), 7.53 – 7.42 (m, 3H), 7.42 – 7.24 (m, 7H), 5.05 (s, 2H), 3.83 (s, 2H), 
3.40 (s, 3H), 2.89 (br s, 1H), 2.73 (t, J = 6.0, 2H), 2.50 (t, J= 6.0 Hz, 2H), 
2.25 (s, 6H); 13C NMR (150 MHz, CDCl3) δ 168.9, 158.3, 153.0, 140.4, 
138.2, 137.3, 132.5, 128.9 (4C), 127.6, 127.0 (2C), 126.2 (2C), 117.1, 
116.4, 58.8, 54.9, 53.5, 46.3, 45.4 (2C), 38.4; IR (neat, cm-1): 2965, 
2817, 2770, 1550, 1534, 1320, 1016, 772, 731, 698; HRMS (TOF, ES+, 
m/z): found 432.2224, calcd for C25H30N5S, (M + H)+, 432.2222. 

2.3. Cell culture 

The cancer cell line F98 (ATCC No. CRL-2397™) is an undifferenti
ated malignant glioma cell line, originated from a fetal Fisher rat brain. 
The cells grown in monolayer and were contained in sterile cell culture 
flasks (75 cm2, Corning). Incubation took place at 37 ◦C in a humidified 
atmosphere composed of air (95%) and CO2 (5%). Dulbeccós modified 
Eagleśmedium (DMEM) with glucose (4.5 g/L) (Cat. No. BE12–604F, 
Lonza) supplemented with extra L-glutamine (80 mg/L), fetal bovine 
serum (FBS, 10%) and penicillin/streptomycin (100 U/mL). 

2.4. Viability assay (MTT) post UVA – PDT/PCI treatment 

The F98 cells were seeded in culture dishes (Corning/Sarstedt, (60 
mm x 15 mm), at a density of 0.40 × 106 cells per dish (one day before 
PDT experiment) using a regular cultivation medium. A stock solution of 
compound 1 (10 mM, − 20 ◦C, in DMSO, MW 431.6 Da, (Fig. 1) was 
thawed at room temperature and frozen immediately after preparing 
different concentrations (0–100 µM) in the first series of experiments. 
Total time of stock solution at 20 ◦C was about 30 min. Later, a fixed 
concentration (5 µM) was used in the PDT studies. After washing the cell 
dishes (PBS), the ordinary medium containing compound 1 (0–100 µM, 
24 h, 37 ◦C, 5% CO2) was added in the dark, and the cells were washed 
again (PBS) before exposing to UVA-radiation (330 nm, 0.5 mW/cm2) in 
PBS using a Fluorolog 3 spectrophotometer before incubation overnight 
(37 ◦C, 5% CO2). Cells containing only compound 1 were considered for 
“dark toxicity” assessments and samples without any treatment (nor 
light or photosensitizer) were used as controls. After the post-incubation 
period (24 h, 37 ◦C, 5% CO2) the MTT proliferation assay was performed 
as shortly described [34]. The culture medium was removed, and cells 
were incubated in MTT-solution (0.5 mg/ml, 1 h, 37 ◦C, 5% CO2) before 
replacing it with isopropanol (2 ml) and shaken on a plate shaker (30 
min, 80 rpm). The important and modified step, as earlier described 
[35], included removing dead cells by centrifuging (5 min, 1500 rpm). 
The absorbance (595 nm) was measured using a Shimadzu UV-1700 
spectrophotometer and the obtained data were processed and 
compared to untreated cells. 

For the PCI experiments, the cells were seeded out in parallel with 
the PDT experiments using same cell number and were analysed with 
MTT assay at the same time. The PCI- treated dishes were incubated with 
a recommended concentration of the cytostatic drug BLM, using 0.1 µM 
(4 h, 37 ◦C), and treated with UVA-radiation (1 min) as explained in 
Section 2.5 at the end of BLM incubation period [34]. 

The photostability of compound 1 (5 µM in PBS) was characterized 
(absorption and fluorescence) using the same UVA-radiation periods 
(1–30 min) as described above in the PDT experiment on F98 cells (re
sults section, Fig. 4). Also, one dish (5 µM in PBS) was incubated 24 h 
(37 ◦C, 5% CO2) post 1 min of UVA-radiation to register a possible 
thermal change of the compound. 

2.5. Light source 

The light source for PDT treatment was composed of a 500 W Xenon 
Lamp taken from a spectrophotometer (Fluorolog 3, Horiba group, 
Japan), a broadband interference filter with maximum transmission at 
330 nm (UVSIF 350 - 5523–2), and a plane aluminum mirror. The 
interference filter was selected to match the absorption spectrum of the 
sensitizer (Fig. 3). The integrated intensity at the cell level was 0.5 mW/ 
cm2 measured using a Coherent Fieldmaster (Vis Ca Srr. 202,060). After 
treatment by compound 1 (5 µM, 24 h) as described above, the culture 
dishes were UVA-radiated in the dark as illustrated in Figure S1 (left 
panel). The spectrum of the illumination source at the place of the 
sample was measured using an Ocean Optics Jaz spectrometer and is 
shown in Figure S1 (right panel). 

2.6. Optical spectroscopy 

UV–visible spectra were recorded on a Shimadzu UV-1601 PC 
spectrophotometer in dual-mode using 10-mm quartz cells. Steady-state 
photoluminescence measurements were carried out using a PTI Quan
tamaster 8075–22 (Horiba Scientific) equipped with Double Mono 300 
spectrometer chambers for both excitation and emission. As a light 
source, the OB-75X (75 W Xenon arc lamp) was used. A Hamamatsu 
R928 PMT was used for detection in the range of 185 – 950 nm. For 
singlet oxygen luminescence detection, a port of the spectrometer using 
the 1427C-AH detector coupler together with liquid nitrogen cooled 
Indium-Gallium-Arsenide solid-state detector (Horiba Scientific: DSS- 
IGA020) was used. Data acquisition and basic data-handling were car
ried out with the Felix Data Analysis software. Post-processing and plot 
artworks were carried out using Matlab and Origin software, 
respectively. 

The fluorescence quantum efficiency (QE) was determined using 
methanol as a solution with an optical density lower than 0.1 to avoid 
inner filter effects. By comparing the slope of the plotted fluorescence 
intensity vs. absorbance at a fixed excitation wavelength (340 nm) the 
QE is readily obtained using Coumarin 102 as reference (QE = 0.77 ±
0.06: This value was obtained by calibrating to the value obtained by 
Rurak and Spieles [36] using ethanol as solvent, QE: 0.764 ± 0.041). 

Singlet oxygen yield was obtained by comparison with phenalenone 
(Sigma-Aldrich) as a reference, well known to have close to unity singlet 
oxygen quantum efficiency in many common solvents [37]. As the 
singlet oxygen generally shows a very weak signal in water and protic 
solvents, chloroform was chosen, as it is well known that halocarbons 
and non-aqueous solvents have generally higher ability to dissolve ox
ygen than protic solvents in the ambient atmosphere [38]. Moreover, the 
quenching mechanisms are here much slower (a few microseconds in 
water and 50 – 100 μs in organic solvents) giving rise to long lifetimes 
and consequently a stronger signal easier to detect with higher sensi
tivity and accuracy [39]. In these experiments, an 800 nm long-pass 
filter was used to block any visible light that might cause any higher 
order scattering through the spectrometer. 

Time-resolved fluorescence decays were recorded using an IBH time- 
correlated single-photon counting (TCSPC) spectrometer system with a 
1 nm resolved emission monochromator (5000 M, Glasgow, UK). The 
system was equipped with a TBX-04D picosecond photon detection 
module and the sample was excited using an IBH LED operating at 278 
nm. The measured decay-trace was analyzed using deconvolution fitting 
with the IBH Data Station v 2.1 software. Additional details on the 
photophysical characterization procedures can be found by Lind et al 
[37].. 

2.7. Fluorescence microscopy imaging 

On day 1, cover slides (10 × 10 mm, n = 3) were placed onto the 
bottom of cell culture dishes before carefully adding F98 cell suspension 
(0.1 × 106 cells per dish, 3 mL) onto the top of the cover slides. The 
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dishes were further incubated for 24 h (37 ◦C, 5% CO2). On Day 2, the 
old medium was removed, and the cover slides were washed with (PBS, 
3 mL) before adding compound 1 solution in growth medium (5 μM, 3 
mL) and further incubated (24 h, 37 ◦C, 5% CO2). On day 3, the fluo
rescence microscopy imaging was performed at Altin BioTrix/Depart
ment of Biology, NTNU, Brattøra, Trondheim. The cover slides were 
removed from the culture dishes and placed on an object glass ensuring 
that the cells were on the side facing upwards before securing with a 
quartz coverslip. Fluorescence images were taken using a wide-field 
compound microscope (Eclipse 90i, Nikon Corp., Japan) by exciting 
the sample with a mercury lamp (HBO 103 W/2, Osram, Germany) fitted 
in a lamp holder (HMX-4B, Nikon Corp., Japan) equipped with a quartz 
collimator. Fluorescence was induced by applying a filter cube in the 
light path with a wide band exciter with a center wavelength of 330 nm 
(330WB80 filter, Omega optical, US) while monitoring emission at 
435–485 nm (D460/50 M filter, Chroma Tech., US). To avoid crosstalk 
the excitation and emission were separated by a dichroic mirror in the 
cube with a cut-off at 400 nm. The images were captured with a CCD 
camera (DS-Fi1/DS-U2, Nikon Corp, Japan) on a computer running NIS- 
F (Nikon Imaging Software F, v.4.30.01, Nikon Corp., Japan). For 
optimal excitation in the UVA, a fluorite-objective with a high numerical 
aperture were used (40x S Fluor, NA 0.9, Nikon Corp., Japan) and quartz 
coverslips (Alfa Aesar, Germany). Corresponding images with differen
tial interference contrasting were taken for navigational purposes in the 
fluorescence images. 

3. Results 

3.1. Synthesis of compound 1 

N1-(4-(4-(Benzyl(methyl)amino)thieno[2,3-d]pyrimidin-6-yl) 
benzyl)-N2,N2-dimethylethane-1,2-diamine (1) was synthesized through 
a four-step route, where the experimental set-up for the two first 
transformations was adopted from Bugge et al [15], see Scheme 1. 

The preparation commences with a nucleophilic aromatic substitu
tion on 6‑bromo-4-chlorothieno[2,3-d]pyrimidine (2), with N-benyl
methylamine, proceeding regioselectively at C-4 in refluxing 2- 
propanol. Purification by silica-gel column chromatography gave 82% 
of intermediate 3. To introduce the 6-aryl group, a palladium tetrakis 
catalyzed Suzuki cross-coupling between compound 3 and 4-formylphe
nylboronic acid was employed, giving the aldehyde 4 in 41% yield after 
silica-gel column chromatography. Lastly, the aldehyde function was 
converted to an amine by a one-pot two-step reductive amination. via 
the corresponding imine. Compound 1 was isolated in 68% yield after 
silica-gel column chromatography. 

3.2. Cytotoxicity of compound 1 on F98 cells 

To investigate cytotoxic properties of compound 1, the F98 cell 
viability studies were initially carried out by incubation of 1 at different 
concentrations (0.1–100 μM) for 24 h, at 37 ◦C in the dark (Fig. 2) using 
TMZ as a positive control. The results indicate a 50% cell death (LD50) of 
20 μM and 200 μM for compound 1 and TMZ, respectively. Complete cell 
death was observed at 40 μM for 1 and at 1000 μM for TMZ. On basis of 
the above cytotoxicity measurements, it was chosen to examine com
pound 1 in light-induced PDT experiments. 

Thus, the photosensitizing effects of compound 1 were examined on 
F98 cells post-incubation of the compound 1 (5 μM, 24 h, 37 ◦C) and 
exposed to 330 nm UVA-radiated (0.5 mW/cm2) for 0–30 min. This 
wavelength was chosen as it matched the absorption maximum (Fig. 3), 
and resulted the viability as presented in Fig. 4. The cell viability being 
defined as a percentage of untreated F98 cells, showed a ~100% in
crease in cell death post 30 min of UVA-exposure. Of particular interest 
is the immediate decrease at 3 min and the further increase in cell sur
vival to a plateau post 10 min of light treatment. 

3.3. Photophysical properties of compound 1 

Compound 1 was assessed for basic photophysical properties rele
vant to PDT and fluorescence imaging. These experiments included the 
measurement of absorption and emission properties, along with the 
formation of singlet oxygen emission at 1275 nm due to energy transfer 
from the photosensitizer to molecular oxygen in the solvent. 

The absorption and emission spectra of compound 1 (20 μM in 
methanol) are shown in Fig. 3 and illustrate an excitation maximum at ~ 
330 nm and a fluorescence emission maximum at ~ 400 nm. The 
quantum efficiency (QE) was determined using Coumarin 102 as a 
reference with the same solvent (MeOH) and a value of 0.18±0.04 was 
obtained, see Fig. 5A. To elucidate the nature of the luminescence the 
lifetime of the light-emitting at 390–400 nm was measured using the 
time-correlated single photon counting technique, giving a relatively 
fast decay with two time-constants 0.21 and 0.90 ns contributing with 
43 and 57% of the total amplitude, respectively (Fig. 5B). The moderate 
fluorescence QE is of large benefit to enable detection and localization of 
1 in cell culture experiments to be discussed more below. Other solvents, 
such as PBS (pH 7.4), methanol, ethanol, and THF gave very similar 
spectra and time-resolved emissions, see Figures S2 and S3 for a com
parison with methanol. 

The photostability of compound 1 (5 µM in PBS) was characterized 
(absorption and fluorescence) using the same UVA-radiation periods 
(1–30 min) as shown in Figure S7. An UVA-exposure period of 30 min 
lowers the concentration of compound 1 with approximately 15–20%, 
concomitant with an increase of photoproducts absorbing at 400–450 
nm. One minute of UVA-radiation followed by 24 h of incubation 
reduced the compound 1 concentration an additional 15–20%. 

3.4. Singlet oxygen yield 

In order to examine if the PDT effect was a type I or type II mecha
nism, the ability of the photosensitizer to produce singlet oxygen was 
examined, using phenalenone as reference [40]. The absorbance of the 
photosensitizer and the reference was first set to be approximately equal 
by adjusting the concentrations, see Fig. 6A. The absorbance values were 
found to be equal at 342 nm (Fig. 6A) and this wavelength was chosen as 
excitation in the singlet oxygen luminescence measurement (Fig. 6B). 
Note also that the absorbance here is well below 0.15 to avoid inner 

Fig. 2. Cytotoxic effects of various concentrations (0–1000 μM) of compound 1 
compared to TMZ on F98 glioma cells as described in the materials and 
methods. Viability results from cells subjected to the same experimental pro
tocol without chemicals and light. Each data point in the plots represents 
metabolic activity measured by MTT assay relative to cells incubated in a 
pyrimidine-free medium. The results are presented as mean values ± SD from 
five-seven separate experiments, all in duplicates. 
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filter effects at the excitation wavelength. Integrating the singlet oxygen 
emissions as plotted in Fig. 6B, it can be concluded that the QE for 1 in 
CHCl3 is approximately 20 - 23% relative to phenalenone [40]. Thus, the 
generation of singlet oxygen can explain the high activity of compound 1 
in cell studies upon UVA exposure. 

3.5. Fluorescence microscopy of compound 1 incubated F98 cells 

To understand the compounds mode of action, we performed fluo
rescence microscopy and differential interference contrast (DIC) on F98 
cells incubated with 1 (5 μM, 24 h, 37 ◦C, 5% CO2). A representative 
selection of images is present in Fig. 7. In general, the images show 
outstretched F98 cells connected to each other, a typical form of brain 
cells. The F98 cells are quite sensitive to both washing and microscopy 
procedures, resulting in partly rolling-up cells (without dying) as present 
in the upper images of cells incubated with 1, and analyzed by both 
fluorescence microscopy and differential interference contrast (DIC). 
The blue sections represent the fluorescence from 1 alone, indicating 
that the compound was internalized into the cells. It likely did not 
penetrate the nuclei, since no detectable fluorescence was observed 
there. The lower images show F98 control cells without treatment and 
no blue sections, meaning that there were no or negligible amounts of 

Fig. 3. Absorption and emission spectra of a diluted solution (20 μM) of compound 1 in methanol. The emission spectrum was obtained by excitation at 337 nm.  

Fig. 4. Effects of photodynamic therapy (PDT) using compound 1 (5 μM, 24 h) 
on the survival of F98 rat glioma cells as a function of UVA-radiation (330 nm, 
0.5 mW/cm2), as described in “Material and Methods”. The cell viability was 
measured by MTT assay 24 h post UVA-exposure. The results are presented as 
mean values ± SD from three separate experiments, all in duplicate cell dishes. 

Fig. 5. A) Quantum yield measurements using Coumarin 102 as reference. The absorbance at 340 nm is here plotted vs. the total integrated emission. B) TC-SPC trace 
for excitation at 278 nm monitoring the emission at 400 nm. The black dots represent the system response (Prompt) whereas the dashed red curve is a deconvolution 
fit giving parameter as discussed in the text. 
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auto-fluorescence from the cells themselves at the wavelength used for 
excitation (330 nm) or the wavelengths monitored for emission 
(435–485 nm). 

3.6. Photochemical internalization 

The cytotoxicity effects by using photochemical internalization 
(PCI), was tested on F98 cells incubated with compound 1 and compared 
to the DNA alkylating anticancer drug bleomycin (BLM) (0.1 µM, 4 h, 
37 ◦C) [35]. The results are present in Fig. 8 and indicate no increase in 
cytotoxicity after incubation of compound 1 (5 µM, 24 h, 37 ◦C, 5% CO2) 
by the PCI technology using 1 min of UVA-exposure, compared to the 
effects of administrating only compound 1. The largest reduction in cell 
viability was observed by the BLM-PCI (viability = 12.0% +/− 3.5%) 
compared to BLM alone (viability = 90% +/− 2.5%) indicating that BLM 
molecules were successfully internalized by this technology. The con
centration 0.1 µM BLM was based on previous studies on both AY27 and 
F98 cells [35]. 

4. Discussion 

This paper reports the four-step synthesis of a novel 

thienopyrimidine, compound 1 (Scheme 1), its photophysical proper
ties, and its PDT effects on rat glioma cancer cells. Its absorption and 
emission properties are similar in both protic (PBS, methanol, ethanol) 
and aprotic (CHCl3 and THF) solvents, with a moderate quantum effi
ciency (18%), making them useful for observation in cells using fluo
rescence microscopy. In general, cell survival is limited by high drug 
dosage and non-specificity [41]. Compound 1 is sufficiently soluble in a 
biocompatible formulation and able to pass cellular membranes where 
singlet oxygen has a longer lifetime [39] and induces stronger cytotoxic 
effects compared to aqueous environments, as described by Pushpan et 
al [42].. But fluorescence microscopy studies (Fig. 7) indicate that 
compound 1 also accumulates in the cytosolic compartments. The 
relative singlet oxygen yield of 1, was determined by integrating the 
spectrum of the 1275 nm emission peak relative to that of phenalenone, 
giving a value of around 20% for the photosensitizer, and generation of 
ROS was enhanced with the increase of the PS concentration or the light 
dose, indicative of a type II PDT effect. The singlet oxygen yield is thus 
similar to the widely used AlPcS2a compound, although these studies 
used methanol or D2O as solvent [43]. 

The immediate PDT effect on F98 cells with 3 min of light (Fig. 4) has 

Fig. 6. A) Absorption spectra of compound 1 (PS) and the reference molecule phenalenone (PH) in CHCl3. Note the absorbances coincide at 342 nm. B) The singlet 
oxygen spectrum centered at 1275 nm upon excitation at 342 nm. Slits were 16 and 8 nm for the excitation and emission spectrometers, respectively. Chloroform was 
used as a solvent. 

Fig. 7. Microscopy of identical F98 rat glioma cells by fluorescence microscopy 
(left images) and DIC (right images), taken 48 h post-treatment. Localization of 
blue fluorescence from compound 1 (5 μM, 24 h, 37 ◦C) is present in the upper 
left image, and no autofluorescence of untreated cells in the lower left image. 

Fig. 8. Viability study of rat glioma cells (F98), post compound 1-based PCI. 
The result presents% of treated cells relative to control cells. Bleomycin (BLM) 
was used as a “positive control” and the PCI treatment was performed by using 
the photosensitizer TPCS2a together with blue light as described in detail in 
material & methods. The PDT effects on F98 cells are not included but based on 
earlier information on F98 cells. Error bars are +/- SD from three parallels in 
three different experiments. 
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earlier been observed in both bladder cancer cell line (AY27) after in
cubation by Ru-porphyrin [44] and in human colon cancer cells (WiDr) 
by using 5-aminolevulinic acid [45]. The effect can partly be explained 
by DNA repair mechanisms which work well at low light doses as 
demonstrated in F98 during the first 10 min of UVA-radiation (Fig. 4). In 
absence of light (0 min), compound 1 (5 μM) exhibits relatively low 
toxicity (18%); as much as 82% of the cells were found to be metabol
ically active post-incubation. In contrast, there is substantial phototox
icity leading to LD50 at 7 min of light and complete cell death after 30 
min of light exposure. The photostability of compound 1 has been 
investigated during the same time as the PDT studies and indicate that 
30 min of UVA-radiation lowers the concentration of compound 1 with 
approximately 15–20% concomitant with an increase of photoproducts 
absorbing at 400–450 nm (Figure S7). However, the amount of photo
products is not as pronounced as in the case of long irradiation and it can 
be concluded that compound 1 is reasonably stable for the concentra
tions and UVA-exposure times used in the PDT measurements. 

Also, a study by Amawi et al. on a series of 13 thienopyrimidine 
derivates indicates oxidative stress as a mechanism of action in the three 
cancer cell lines HCT116, OV2008, and A2780 [13]. Our PDT results 
confirm that compound 1 is a promising photosensitizer candidate and 
an ideal molecule for glioma in vitro experiments while in vivo studies are 
still lacking. However, the mechanisms of action of compound 1 is still 
unclear. The structure is fairly similar to previously described EGFR 
inhibitors by Bugge et al [15].. Therefore, in parallel studies its enzy
matic EGFR inhibitory activity has been measured (Supplementary 
Material, Figure S6). This shows a mediocre IC50 value of 77 nM, while 
the drug Erlotinib has an IC50 of 0.4 nM. Therefore, it is unlikely that the 
proven effect on F98 cells is due to inhibition of EGFR. 

Fluorescence microscopy imaging, indicated that compound 1 was 
accumulated in cytosol of F98 cells, but without any entrance into the 
nuclei (Fig. 7). Further, it was attempted to use the photochemical 
internalization technology to enhance the endolysosomal release of anti- 
cancer drugs [46] and uptake of compound 1 by site-specific delivery. 
The PCI technology is still under development for delivery of different 
macromolecules, and the desulphonated tetraphenyl chlorin (TPCS2a) 
from PCI Biotech AS, Oslo, was evaluated in this study to induce PCI by 
using compound 1. In our earlier investigations involving two different 
anticancer agent’s BLM and TMZ [35], it was documented that TMZ 
molecules most likely do not associate with endolysosomal compart
ments, because of the high activity of the DNA repair protein AGT (or 
MGMT) which confers resistance of F98 cells towards alkylating agents 
like TMZ [47]. But BLM was ideal as a positive control in the cell survival 
studies on F98 cells, and resulting in cell survival of only 12.0% +/− 3.5 
post 24 h after BLM incubation (0.1 μM) which is consistent with 
TPCS2a-based PCI on the same cell line from our initial studies [35]. 
Compound 1 and TMZ are both examples of molecules that are not 
internalized by PCI in the F98 cell line. It should be mentioned that for 
the efficient crossing of BBB the molecular weight of 1 (431.6 Da) is 
rather high. Furthermore, the long-term chemical stability and the 
metabolic stability of compound 1 have yet to be investigated. More
over, the work is of interest because compound 1 opens up for a new 

class of photosensitizers, but it remains to perform PDT experiments on 
other cancer cells. 

5. Conclusions 

Altogether, the novel compound N1-(4-(4-(benzyl(methyl)amino) 
thieno[2,3-d]pyrimidin-6-yl)benzyl)-N2,N2-dimethylethane-1,2- 
diamine (1) documented distinctive photodynamic anti-tumor effects 
and low dark-toxicity in combination with UVA exposure, which sug
gests it as a useful lead compound and an ideal novel photosensitizer for 
development of anticancer agents. Also, compound 1 has shown to be 
both photo and heat stable during the present PDT study. However, 
compound 1 is not effective in combination with PCI technology. More 
detailed studies on these compounds and related references must be 
performed in parallel with in vivo experiments by using our established 
rat glioma orthotopic model in combination with PDT. 
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