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Abstract

Two new perylene derivatives 1,7-di(3,5-diamino-pyrimidoxyl) perylene-3,4,9,10- tetracarboxylic acid bisanhydride (4) and 1,7-di(2-[3-[(4-amino-2-methylpyrimidin-
5-yl)methyl]-4-methyl-1,3-thiazol-3-ium-5-yl]) ethoxyperylene-3,4,9,10-tetracarboxylic bisanhydride (6) have been synthesized. We aimed to study their interactions 
with G-quadruplex (G4) structures as potent G4 ligands and telomerase inhibitors. We used a PCR-amplifi ed guanine-rich region from the human beta-globin gene, 
oligonucleotide from human telomeres (a-coreTT), an oncogene (c-kit), and SK-HEP-1 adenocarcinoma cells to characterize those compounds’ binding and stabilizing 
abilities to G4 structures and anti-cancer potential. All results obtained through UV-visible and fl uorescence spectroscopies, agarose gel electrophoresis, and MTT assay 
on SK-HEP-1 adenocarcinoma cells were in good agreement. Compounds 4 and 6 are promising DNA-binding and cytotoxic compounds with a relatively antiproliferative 
effect on the selected tumour. In all studies, the formal positive charge carrier, compound 6, showed higher activity in terms of anti-cancer effects. These results may help 
elucidate the feasibility of the perylene derivatives as future chemo-therapeutic agents.
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guanines associate through eight Hoogsteen hydrogen bonds, 
resulting in a planar ring structure called a guanine tetrad 
[10]. The resulting strong van der Waals attractions cause the 
tetramers to get stacked on top of each other and form a G4 
structure [6]. The small molecules facilitating and stabilizing 
G4 structures are studied intensively. G4 structures do not 
distribute randomly throughout the human genome; their 
formation could occur in the nucleus during transcription and 
replication or outside the nucleus during translation [11]. The 
TTAGGG tandem repeat sequence in human telomeres is rich in 
repetitive guanine bases [12], and G4 structures were reported 

Introduction

Perylene derivatives are intensively studied as 

transcriptional regulators and telomerase inhibitors [1-5]. The 

guanine-rich regions of the human genome are the critical 

point in forming four-stranded G4 structures [6,7]. Guanine 

bases are the focal point because they create a type of bonding 

called Hoogsteen hydrogen bonding, enabling them to form 

secondary structures different from the Watson-Crick DNA 

double helix [8,9]. Each guanine base forms two Hoogsteen 

hydrogen bonds with two adjacent guanine bases. Notably, four 
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throughout the human telomeres [13]. Oncogenes such as c-kit 
with guanine-rich promoter regions have been investigated 
and published [14-16].

Several classes of organic molecules were studied for their 
G4 binding selectivity [17-21]. Common characteristics of the 
organic molecules studied for this purpose include a large 
aromatic core with delocalized π-electrons for the stacking 
interactions with the guanine tetrads [22]. Further, the side 
chains with a preferably positive charge for interacting with the 
negatively charged DNA grooves [23] and good water solubility 
are essential for investigation in cell lines [24].

Several research groups reported perylene derivatives as G4 
ligands and telomerase inhibitors [25-27]. Notably, the aromatic 
core of perylene binds to the outer G-tetrad of the G4 through 
π−π interactions and the hydrophilic side chains interact with 
the DNA grooves. Perylene derivatives are advantageous for 
interaction studies because of different properties, such as 
the modifi cations done to obtain symmetrical/asymmetrical 
[28] or cyclic [29] analogues or alterations done by adding 
charged/uncharged, long/short, weakly/strongly essential [23] 
substituents or even enlarging their cores [30].

Extending the aromatic core or increasing the polar side 
chains on the organic structures enhances G4 selectivity [31]. 
The cytotoxicity of several perylene derivatives was evaluated 
in various cancer cell lines [32]. A prototypical perylene diimide 
(PIPER) was used to suppress telomerase and induce telomere 
shortening in lung and prostate cancer cells [2]. 

Herein, the design and synthesis of two bay-substituted 
perylene bisanhydrides: 1,7-di(3,5-diamino-pyrimidoxyl)
perylene-3,4,9,10- tetracarboxylic acid bisanhydride (4) and 
1,7-di(2-[3-[(4-amino-2-methylpyrimidin-5-yl)methyl]-4-
methyl-1,3-thiazol-3-ium-5-yl]) ethoxyperylene-3,4,9,10-
tetracarboxylic bisanhydride (6) was reported (Scheme 1). 
Interactions with G4 structures as G4 ligands were studied. 
The substituents at the bay position were specifi cally selected. 
The two perylene derivatives have the same aromatic core 
but different side chains at the bay positions. Notably, both 
compounds have the potential to form hydrogen bonds and 
π-π intermolecular interactions (N-H….O, and N-H….N) 
(Schemes 1, 2. S1 and S2) [33]. Additionally, compound 6 has a 
positive charge on its bay substituent. Finally, the compounds` 
solubility in the Tris-HCl buffer solution was suffi cient for 
the experimental studies. A PCR-amplifi ed guanine-rich 
region from the human beta-globin gene, an oligonucleotide 
from human telomeres, and an oncogene was used to study 
those compounds’ binding and stabilizing abilities to G4 
structures. Investigations were performed via UV-visible 
and fl uorescence spectroscopies, agarose gel electrophoresis, 
and MTT assay on SK-HEP-1 adenocarcinoma cells. The 
oligonucleotides (5`-3`) PCO3 (F) (ACACAACTGTGTTCACTAGC), 
CD6 (R) (ATTCGTCTGTTTCCCATTCTAAAC), a-coreTT 
(AGGGTTAGGGTTAGGGTTAGGGTT) and c-kit 
(AGGGAGGGCGCTGGGAGGAGGAGGG) were used in our 
investigations. The human hepatic adenocarcinoma cell line, 
SK-HEP-1 was used in the MTT assay. All the experimental and 
theoretical results and their consistency are discussed in detail.

Scheme 1: The synthetic routes for the preparation of compounds 4 and 6.
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Materials a nd methods

Materials and equipment

The DNA oligonucleotides were purchased from Oligomer 
Biotechnology (Çankaya, Ankara) and used without further 
purifi cation. The Blirt 50X Tris-acetate-EDTA (TAE) buffer, 
Blirt 2xPCR TaqNova-Red- Master mix with Taq polymerase 
(RP85T), Blirt 2’-deoxynucleoside 5’-triphosphates (dNTPs) 
mix and Blirt Extractme DNA clean-up & gel-out kit were 
purchased from En-Ergon Scientifi c (Nicosia, Cyprus). Biorad 
5x Orange G Loading Dye, Biorad Genes in a Bottle Lysis Buffer, 
Axygen 100 bp DNA ladder, Invitrogen UltraPure™ Agarose, 
and Thermo Scientifi c Proteinase K were used.

1H NMR spectra were recorded on Bruker spectrometer 
(1H, 500 MHz) in the solvent mixture CDCl3 and CF3COOD 
(3:1) using TMS as an internal standard. Elemental analyses 
were measured on a Carlo Erba-1106 (C, H, and N) elemental 
analyzer. FT−IR spectroscopic measurements were carried out 
at ambient conditions as KBr pellets using a JASCO FT−IR–
6200 spectrophotometer. UV-vis spectroscopy was performed 
using Varian Cary-100 Spectrophotometer, and fl uorescence 
emission data were collected using a Varian Cary Eclipse 
Spectrophotometer. The differential scanning calorimetry 
(DSC) and thermogravimetric analysis (TGA) thermograms 
were obtained from Perkin Elmer/DSC/Jade DSC under nitrogen 
and Perkin Elmer/TGA/Pyris 1 under an oxygen atmosphere, 
respectively, with a heating rate of 10 °C min–1. The agarose 
gel was visualized with Gel Documentation & Analysis System 
(Beijing Liuyi Instrument Factory).

Synthesis

Synthesis of 1,7-di(3,5-diamino-pyrimidoxyl)peryl-
ene-3,4,9,10- tetracarboxylic acid bisanhydride (4): 1,7-Di-
bromoperylene-3,4,9,10-tetracarboxylic acid bisanhydride 
(2, 1.00 g, 1.82 mmol), 2,4-diamino-6-hydroxypyrimidine (3, 
0.80 g, 5.45 mmol), and K2CO3 (0.62 g, 4.50 mmol) were stirred 
under argon atmosphere and at room temperature in 80 mL 
DMF for a 1 h period. The reaction mixture was then heated to 
refl ux and continued for 10 h. After cooling to room tempera-
ture, the solution was poured into a mixture of cold acetic acid/
cold water (100 mL, 1:1 by volume). The precipitate was fi ltered 
off, thoroughly washed with several portions of hot water, and 
dried in a vacuum oven to give the crude product. Finally, the 
dark purple crude product was purifi ed by repeated recrystal-
lization from N, N-dimethylacetamide to obtain pure product 
4 as a black powder (0.78 g, 1.20 mmol, 65 %). 

FT-IR (Figure 1a KBr, thin fi lm, cm−1):  = 3385 (N ̶ 
H stretch), 3015 (aromatic C−H stretch), 1756 and 1706 
(anhydride C = O stretch), 1630 (C = N stretch), 1587 (aromatic 
C = C stretch), 1392 and 1314 (amine C ̶ N stretch), 1249 (ether 
C ̶ O ̶ C stretch), 1010 (anhydride C ̶ O ̶ C stretch), 766 (aromatic 
C ̶ H bend). UV−Vis (Figure 2a, NMP): λmax (nm) (ε) = 306, 468, 
518 (9500), 664, 746. Fluorescence (Figure 2b, NMP, λexc = 485 
nm): λmax (nm) = 566. Fluorescence quantum yield (Table 1, 
c = 1 × 10–6 M in TCE, reference N,N′-bis-dodecyl-3,4,9,10-

perylenebis(dicarboximide) with Фf = 100 %, λexc. = 485 nm) = 
15 %. MS (MALDI-TOF, Figure S1): m/z = 638.43 [M−2]. Anal. 
Calcd. for C32H16N8O8, (Mw, 640.50): C, 59.63; H,3.13; N 17.38. 
Found: C, 59.51; H, 3.04; N, 17.42.

Synthesis of 1,7-di(2-[3-[(4-amino-2-methylpyrimidin-
5-yl)methyl]-4-methyl-1,3-thiazol-3-ium-5-yl]) 
ethoxyperylene-3,4,9,10-tetracarboxylic bisanhydride 
(6): 1,7-Dibromoperylene-3,4,9,10-tetracarboxylic acid 
bisanhydride (2, 1.00 g, 1.82 mmol), thiamine chloride 
hydrochloride (5, 1.80 g, 5.40 mmol), and K2CO3 (0.63 g, 4.60 
mmol) were stirred under argon atmosphere and at room 
temperature in 80 mL DMF for a 2 h period. The reaction 
mixture was then heated to refl ux and continued for 15 h. 
After cooling to room temperature, the solution was poured 
into cold, acetic acid/cold water (100 mL, 1:1 by volume). 
After the completion of the reaction, the mixture was allowed 
to cool down to −8 oC overnight. The precipitate was fi ltered 
off, washed with several portions of hot water, and dried in a 
vacuum oven to give the crude product. Finally, the dark purple 
crude product was purifi ed by repeated recrystallization from 
N, N-dimethylacetamide to obtain pure product 6 as a black 
powder (1.21 g, 1.32 mmol, 64 %). 

1H NMR (400 MHz, CDCl3:CF3COOD (3:1)): δH (ppm) = 9.30 
(s, 2H, H−C(2), H−C(8)), 8.86 (d, 4H, H−C(5), H−C(6), H−C(11), 
H−C(12)), 8.84 (s, 4H, NH2 (C26), NH2 (C26`)), 7.19 (s, 2H, 
H−C(24), H−C(24`)), 3.71 (s, 4H, H−C(22), H−C(22`)), 3.25 (s, 
6H, H−C(28), H−C(28`), 3.00 (s, 6H, H−C(27), H−C(27`), 2.71 
(t, 2H, H−C(17), H−C(17`)) 2.70 (t, 2H, H−C(18), H−C(18`)). 

Figure 1: FTIR spectra of compound 4 (a) and 6 (b).
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FTIR (Figure 1b, KBr, thin fi lm, cm−1): 3416 (N ̶ H stretch), 2921 
(aromatic C ̶ H stretch), 2852 (aliphatic C ̶ H stretch), 1756 and 
1731 (anhydride C=O stretch), 1587 (aromatic C=C stretch), 1406 
(C ̶ N stretch), 1230 (ether C ̶ O ̶ C stretch), 1017 (anhydride C - O 
- C stretch), 735 (aromatic C - H bend). UV ̶ vis (Figure 2c, NMP) 
λmax, (nm): 302, 417, 487, 518 (12000), 686, 756. Fluorescence 
(Figure 2d, NMP) λmax, (nm): 531, 574. Fluorescence quantum 
yield (Table 1, c = 1 × 10–6 M in TCE, reference N,N′-bis-
dodecyl-3,4,9,10-perylenebis(dicarboximide) with Фf = 100 %, 
λexc. = 485 nm) = 20 %. Anal. Calcd. For C48H38Cl2N8O8S2, (Mw, 
989.90): C, 58.24; H, 3.87; N 11.32. Found: C, 58.31; H, 3.64; N, 
11.40. 

DNA extraction

The DNA extraction protocol was carried out with permission 
from the Eastern Mediterranean University Research and 
Publication Ethics Board. The DNA extraction protocol was 
carried out according to the manufacturer’s protocol (EDVO-
Kit #119 Genes in a TubeTM). 

Polymerase Chain Reaction (PCR)

Polymerase Chain Reaction (PCR) [34] was carried out for 
a guanine-rich region of the beta-globin gene (exon I, exon II, 
and 60 bp of intron II after exon II) from the isolated human 
DNA. PCR amplifi cation was performed with 1X PCR buffer, 
5 u/ml Taq polymerase, 100μM of the forward (PCO3), and 
reverse primers (CD6, Tm = 58 ℃) dNTP mix (10mM each), DNA 
template, and H2O. Initial denaturation was carried out at 94 ℃ 

for 2 minutes, followed by 35 cycles of repetitive denaturation 
at 94 ℃ for 30 seconds, annealing at 57 ℃ for 30 seconds, and 
extension at 68 ℃ for 1 minute. The samples were held at 4 ℃ 
prior to the agarose gel electrophoresis protocol.

For 10μL of the PCR samples, 10 μL of Orange G loading dye 
and 5 μL of 100 bp DNA ladder were added and then loaded into 
1 % agarose gel with ethidium bromide. The gel was run at 150 
volts (150 V) for 1 hour. The gel was then visualized with Gel 
Documentation & Analysis System (Beijing Liuyi Instrument 
Factory). 

Figure 2: Absorption (a and c) and emission (b and d) spectra (λexc = 485 nm) of 4 and 6 in various solvents.

Table 1: Qualitative solubility (solubility/color)a of 4 and 6 in various solvents.

Solvent 4 6

TFAcb (+) purple (+) wine red

m-Cresol (+) dark red (− +) purple brown

PYRc (+) dark brown (+) dark brown

NMPd (+) dark brown (+) dark brown

Methanol (− +) pale brown (−)

DMACe (+) dark brown (+) dark brown

DMFf (+) dark brown (+) dark brown

DMSOg (+) dark brown (+) dark brown

Note: aA measured concentration of 1 mg mL−1 in solvents at 25 ℃. (+ +): soluble at 
room temperature. ( ̶ +): partially soluble on heating at 35 ℃ in sonicator; (+ −): mostly 
soluble on heating at 35 ℃ in sonicator; (−): insoluble. bTFAc: Trifl uoroacetate. cPYR: 
Pyridine. dNMP: N-methylpyrrolidinone. eDMF: N,N-dimethylformamide. fDMAC: N,N-
dimethylacetamide. gDMSO: Dimethyl sulfoxide.
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G-quadruplex formation assay

The DNA binding capability of compounds 4 and 6 was 
detected by agarose gel electrophoresis assay. The compound/
DNA complexes were loaded on a 4 % agarose gel. The gel was 
loaded with 5 μL of 100 bp DNA ladder, 10 μL of PCR product, 
and 10 μL of the perylene derivative (starting with a 2.5 μM 
concentration and increasing that by two-fold each time).

Cell culture and cytotoxicity assay

HCC cell line SK-HEP-1 was kindly provided by Prof. Dr. 
Esra Erdal (Izmir Biomedicine and Genome Centre, Izmir, 
Turkey). The cells were maintained in DMEM (cultured cell 
lines in Dulbecco`s modifi ed eagle medium) supplemented 
with 10 % FBS (heat-inactivated fetal bovine serum), 100 μ/
ml penicillin, 2mM L-glutamine, 100 mg/ml streptomycin and 
1X NEAA at 5 % CO2 at 37 ℃. MTT assay was used to determine 
the cytotoxic and anti-cancer effects of compounds 4 and 6 on 
SK-HEP-1 cancer cell lines for 48 hours. Cells were seeded onto 
48-well plates at a density of 5 x 103 cells/ml and treated with 
different concentrations of the compounds. DMSO was used as 
a negative solvent control. Even though the fi nal concentration 
of DMSO was less than 1% in all treatments, the effect of 
DMSO was evaluated on the SK-HEP-1 cell line. The effect 
of DMSO at max compound concentrations was found to be 
nonsignifi cant. Following the 48-hour treatment, 0.5 mg/ml 
MTT [3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium 
bromide] was added to the medium and incubated for 4 h at 37 
℃ in dark. The formazan crystals were dissolved with DMSO. 
The absorbance was measured at 570 nm using a microplate 
reader. The percentage of cell viability was calculated from the 
percent ratio of the absorbance obtained from each treatment 
and control. Experiments have been carried out three times 
independently.

Statistical analysis

All samples were presented as mean ± SE from 4 
measurements for cytotoxicity analysis. A one-way ANOVA test 
with Tukey’s correction for multiple comparisons was used for 
MTT analysis. A p < 0.05 was considered statistically signifi cant. 
(* p < 0.05 *** p < 0.001). Data points were compared with the 
control. All the analyses were performed using GraphPad Prism 
5 software.

Results and discussion

Synthesis and characterization of compounds 4 and 6

A two-step synthetic route toward the targeted compoun ds 
4 and 6 is displayed in Scheme 1. In the fi rst step, compound 
Br-PDA was prepared via catalytic bromination of perylene-
3,4,9,10-tetracarboxylic anhydride (PDA) according to 
our previously reported procedures [33-37]. This step was 
followed by the synthesis of 1,7-di(3,5-diamino-pyrimidoxyl)
perylene-3,4,9,10- tetracarboxylic acid bisanhydride (4) and 
1,7-di(2-[3-[(4-amino-2-methylpyrimidin-5-yl)methyl]-4-
methyl-1,3-thiazol-3-ium-5-yl]) ethoxyperylene-3,4,9,10-
tetracarboxylic bisanhydride (6) via nucleophilic aromatic 
substitution reactions on 1,7-dibromoperylene-3,4,9,10-

tetracarboxylic acid bisanhydride. Both compounds were 
characterized by NMR, Mass, IR, UV–vis, DSC, TGA, and 
elemental analysis. All data were consistent with the assigned 
structures, as shown in Scheme 1. The compounds exhibited 
good solubility in amide-type polar aprotic solvents like 
N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO), 
and N, N-dimethylacetamide (DMAc), and even in less polar 
solvents like pyridine and trifl uoroacetic acid (Table 2). Notably, 
the colour of compounds 4 and 6 solutions in NMP, DMAc, 
DMF, and DMSO was the same as dark brown, possibly due to 
similar intra- and intermolecular H bonding interactions (N − 
H….O and N − H….N). The three-dimensional (3D) molecular 
structures of compounds 4 and 6 at different energy levels (all 
generated using MarvinSketch by ChemAxon) clearly show the 
different intra- and intermolecular interaction possibilities 
(Scheme 2). MarvinSketch for energy minimization provided 
the best results for the most stable conformation of the 
structures for compounds 4 and 6 with the lowest energy, as 
shown in Scheme 2 (lowest energy for compound 4: 136.82 (a) 
and 6: 212.01 kcal/mol (b)).  

All FT-IR spectra were consistent with the assigned 
structures, as shown in Figure 1. The FT-IR spectrum of 
compound 4 exhibited characteristic absorption bands at 
2000−3550 (centred near 3385, H-bonded broad stretching 
vibrational band of N−H stretch), 3015 (aromatic C−H stretch), 
1756 and 1706 (hydrogen bonding broad anhydride C = O 
stretch), 1630 (C = N stretch), 1587 (aromatic C = C stretch), 
1392 (amine C - N stretch), 1249 (ether C - O - C stretch), 
1010 (anhydride C - O - C stretch), 766 cm−1 (aromatic C - H 
bend). For compound 6 characteristic absorption bands were 
also observed at 2000 − 3550 (centred near 3416, H-bonded 
broad stretching vibrational band of N − H stretch), 2921 and 
2852 (aliphatic C−H stretch), 1756 and 1731 (hydrogen bonding 
broad anhydride C = O stretch), 1630 (C = N stretch), 1587 
(aromatic C = C stretch), 1406 (amine C - N stretch), 1230 
(ether C ̶-O - C stretch), 1017 (anhydride C - O - C stretch), 735 
cm−1 (aromatic C - H bend) (Figure 1). Notably, the hydrogen-
bonding interaction through the bay positions hindered the 
π−π interactions of the molecules.

The 1H NMR spectra were recorded with a 400 MHz pulsed 
Fourier transform NMR spectrometer in the solvent mixture 
CDCl3:CF3COOD (3:1) at room temperature. The chemical shifts 
are quoted relative to CDCl3 and CF3COOD [δ (CDCl3) = 7.19 
ppm; δ (CF3COOD) = 11.61 ppm]. Importantly, the aromatic C−H 
signals of compound 6 in its 1H NMR spectra were observed 
mainly, confi rming the purity of the compound (Figure S2). 
The 1H NMR of CF3COOD confi rmed that the impurity peaks 
shown in the aliphatic range belonged to CF3COOD (Figure S3). 
Expectedly, the 1H NMR spectra recorded in the solvent mixture 
CDCl3: CF3COOD (3:1) at room temperature for both products 
showed a signifi cant signal broadening in the aromatic region 
caused by hydrogen bond-directed aggregation. Most probably, 
the different conformations are affecting its aggregation and 
intermolecular interactions.

On the other hand, all our attempts for NMR measurements 
of compound 4 were not successful due to poor solubility. 
Finally, despite all dilution conditions applied in different 
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solvents, the 13C NMR spectroscopic measurements failed for 
both compounds. This property was attributed to the residual 
aggregation of the compounds in the selected deuterated 
solvents.

UV-vis absorption and fl uorescence spectroscopy mea-
surements

The interaction of compounds 4 and 6 with the 
oligonucleotides a-coreTT and c-kit was studied using UV-
visible and fl uorescence spectroscopies (Figures 3-5, S4). A 

fi xed concentration of oligonucleotides (10  M) was titrated 
with increasing concentrations of compounds 4 and 6 (2.5 μM, 
5 μM, 10 μM, and 20 μM). Spectra were scanned from 200 to 
800 nm, and baseline correction was done using 1 M Tris-HCl 
(pH 7.4). Absorption and fl uorescence measurements of the 
oligonucleotides and compound complexes were done with a 
concentration ratio of 1:2 and after 3 hours of incubation at room 
temperature and darkness without any disturbance (emission 
spectra: compounds 4 and 6, λexc = 485 nm; complexes, λexc = 
485 nm; pure primers, λexc = 250 nm).

Scheme 2: Representative 3D molecular structures of compound 4 and Representative 3D molecular structures of compound 6 at different energy levels (all rendered using 
Marvin by Chem Axon).

Table 2: Maximum absorption wavelength λmax (nm), molar extinction coeffi  cient εmax (mol−1 dm3 cm−1), oscillator strength ƒ, fl uorescence quantum yield Фf (λexc = 485 nm), 
radiative life time τ0 (ns), fl uorescence life time τf (ns), fl uorescence rate constant kf (108 s−1), rate constant of radiationless deactivation kd (108 s−1), and singlet energy Es (kcal 
mol −1) data of 4 and 6.

Compound Solvent λmax εmax ƒ Фf τ0 τf kf kd Es

4
NMP 518 12000 0.119 0.01 34.09 0.34 0.29 29.0 55.2

DMAc 518 7800 0.073 0.02 55.97 1.12 0.18 8.76 55.2
DMF 518 9500 0.104 0.30 39.01 11.70 0.26 0.60 55.2

6
NMP 518 33000 0.246 0.11 16.50 1.82 0.61 4.90 55.2

DMAc 518 27000 0.237 0.10 17.14 1.71 0.58 5.25 55.2
DMF 518 37000 0.223 0.23 18.22 4.19 0.55 1.84 55.2
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First, 20 μM of each compound in Tris-HCl buffer solution 
(pH 7.4) was separately used to investigate their aggregation 
behaviour in regular time intervals from 0 to 24 h as a 
reference to track the interaction of the compounds with the 
oligonucleotides (Figure 4). The compound solutions were 
prepared using a sonicator and kept undisturbed at room 
temperature in darkness 1, 3, 6, 24 and 48 h before measuring 
absorbance and fl uorescence. Afterward, the absorbance and 
emission spectra of the oligonucleotides alone were recorded to 
compare with the complexation results between the compounds 
and oligonucleotides (a-coreTT and c-kit; λexc = 220 nm, 10 
μM, Figure 4). Then, recorded the absorbance and emission 
spectra of the compounds both in the absence and presence of 
the oligonucleotides in Tris-HCl buffer solution was recorded 
(Figure 5 and S4 pH 7.4).

Optical properties of compounds 4 and 6

Figure 2 shows the absorption and emission spectra of 4 

and 6 in dipolar aprotic solvents such as PYR, NMP, DMAc, 

DMF, and DMSO and polar protic solvent TFAc at room 

temperature (1.0 × 10−5 M, Table 1). The UV–vis absorption 

bands of compounds 4 and 6 cover a large part of the visible 

spectrum (Figure 2a and c; 250 – 800 nm). As can be seen 

from both compounds’ UV spectra, the sharp absorption peak 

around 300 nm is due to the bay substituents and the peaks 

in the range of 400–800 nm belong to perylene derivatives. 

Accordingly, compound 4 showed one sharp absorption peak 

around 306 nm following broad peaks in all studied solvents 

(Figure 2a, DMF: 468, 518 nm). The intramolecular hydrogen 

Figure 3: (a and c) DSC thermograms for 4 and 6 and (b and d) TGA curves for 4 and 6 at a heating rate of 10 ℃ per minute.

Figure 4: Absorbance (a and c) and Fluorescence (b and d) Spectra (λexc = 485 nm) of 4 and 6 at 20 μM.
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bonding interactions probably caused this broadness (Schemes 

S1 and S2). 

Notably, hydrogen bond-directed aggregation affected both 

compounds’ absorption wavelengths. Similarly, compound 6 

showed a similar sharp absorption peak around 302 nm and 

three broad peaks due to intermolecular hydrogen bonding 

interactions (Figure 2b, DMF: 417, 487, 518 nm). On the 

other hand, the broad long-wavelength absorption bands 

in dipolar aprotic solvents such as PYR, NMP, DMAc, DMF, 

and DMSO indicate the solvent-dependent aggregation 

behaviour of both compounds (Figure 2; compound 4: 664 

and compound 6: 686 nm in NMP). This is confi rmed, taking 

the molar absorption coeffi cient values into account (Table 1, 

molar absorption coeffi cients at 0−0 bands for 4: 9500; and 

6: 37000 mol−1dm3cm−1 in DMF). The absorption spectra of 

compounds 4 and 6 in Figures 2a and c are characteristic of a 

J−type aggregate (head−to−tail interactions) with a structured 

band centred around 700 nm, in agreement with our previous 

reports [33,35]. The results establish that hydrogen bonding 

(N–H…N) between substituents of the compounds effectively 

affects aggregation formation in those solutions. The shape 

of the aggregation band remained the same upon fi ltration 

of the compound solutions through a 0.2  m SPR microfi lter. 

Notably, the size of the aggregates is less than 0.2 μm. On the 

other hand, in the absorption spectra taken in TFAc, the bands 

around 700 nm disappeared, probably due to the H aggregation 

(Figure 2).

The fl uorescence spectra of compounds 4 and 6 were taken at 

λexc = 485 nm, and the relative fl uorescence quantum yields were 

determined in NMP, DMAc, and DMF using N,N′-bis-dodecyl-

3,4,9,10-perylenebis(dicarboximide) in CHL as standard 

(N,N′-bis-dodecyl-3,4,9,10-perylenebis(dicarboximide); Φf = 

1 with respect to rhodamine 101 in ethanol) (Table 1, Figures 

2a,d) [38-44]. The lower fl uorescence quantum yields of both 

compounds could be attributed to conformational changes, 
torsional movement, or other non-radiative decays (compound 
4; NMP: 10 %, DMAc: 20 %, and DMF: 30 % and compound 
6; NMP: 11 %, DMAc: 10 % and DMF: 23 %). This dramatic 
fl uorescence quenching results were attributed to photoinduced 
intramolecular electron transfer from the electron-donating 
substituents to the electron-accepting perylene core (Figure 
S5).

The emission spectra of compound 4 taken in all studied 
solvents showed red-shifted and broad excimer-like emissions 
attributed to the formation of ground-state hydrogen 
complexes with limited π–stacking interaction in solutions 
(Figure 2b and d; λexc = 485 nm). Interestingly, a new red-
shifted emission band appeared at 719 nm in the solvents 
DMSO and NMP, attributed to the formation of J-aggregates 
promoted by hydrogen bonding between molecules. The peak 
at 719 nm disappeared in the other solvents, probably due 
to the H-aggregates. On the other side, fl uorescence spectra 
of compound 6 showed blue shifted and well-separated 
three bands without any excimer formation. This property is 
attributed to weakening intermolecular hydrogen bonds in the 
electronically excited state.

Optical parameters such as maximum absorption 
wavelength (λmax, nm), molar absorption coeffi cient (εmax, 
mol−1dm3cm−1), oscillator strength (f), fl uorescence quantum 
yield (Φf), theoretical radiative lifetime (τ0, ns), fl uorescence 
lifetime (τf, ns), fl uorescence rate constant (kf, s−1), the rate 
constant of radiationless deactivation (kd, s

−1) and singlet energy 
(Es, kcal mol−1) data of compounds 4 and 6 in NMP, DMAc and 
DMF are given in Table 1, respectively. The theoretical radiative 
lifetimes (τ0) were calculated according to the formula: τ0 = 3.5 
× 108/(ν2 max εmax Δν1/2), where νmax stands for the wavenumber in 
cm–1, εmax for the molar absorption coeffi cient at the selected 
absorption wavelength and Δν1/2 indicates the half-width of 
the desired absorption in units of cm−1 [43,44].

Figure 5: Absorbance (a and c) and Fluorescence (b and d) Spectra (λexc = 220 nm) of a-coreTT and c-kit at 10 μM.
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Thermal stability

The thermal properties of compounds 4 and 6 were 
investigated by differential scanning calorimetry (DSC) 
and thermogravimetric analysis (TGA), as shown in Figure 
6 (heating rate: 10 ℃ min−1, DSC: nitrogen atmosphere, 
temperature range of 30 ℃ - 900 ℃ and TGA: oxygen 
atmosphere, 30 ℃ - 900 ℃). Compounds 4 and 6 exhibit no 
glass transition temperature during the fi rst and second heating 
DSC runs, as shown in Figure 6a and c. The DSC curves revealed 
that the decomposition temperatures (Td) were above 375 °C, 
which is also evident from the TGA curves in Figure 6b and d. 
Remarkably, both compounds showed high thermal stability, 
which could be attributed to perylene’s rigid chromophoric 
structure (decomposition starting temperature; compound 4: 
500 and compound 6: 478 ℃). Upon heating to 700 °C, both 
compounds lost 98 % of their initial weight, and a 2 % char 
yield was obtained.

Interaction of compounds 4 and 6 with oligonucleotides

UV–visible and fl uorescence spectroscopic studies: 
Absorption spectroscopy is a versatile way to determine the 
binding strength and the mode of DNA with small molecules. 
In the present study, compounds 4 and 6 were investigated for 
their interactions with oligonucleotides via UV–vis absorption 
spectroscopy (Table 3, Figures 3-5 and S4; oligonucleotides: 
a-coreTT and c-kit). The UV-vis spectra with increasing 
concentrations of compounds 4 and 6 were recorded in the 
absence and presence of oligonucleotides.

At fi rst, the UV-vis absorption and emission spectra of 
compounds in the absence of oligonucleotides in Tris-HCl 
buffer solution were recorded at regular time intervals to 
observe their aggregation behaviour (Figure 3, λexc = 485 nm, 
20 μM; from 0 to 48 h). The compound solutions were prepared 
using a sonicator and kept undisturbed at room temperature in 
darkness for 1, 3, 6, 24, and 48 h before measuring absorbance 

and fl uorescence. Compound 4 showed a higher aggregation 
tendency than compound 6 after 24 hours, as shown in Figures 
3a and c. On the other hand, the emission for both compounds 
was intensifi ed upon increasing the time interval attributed to 
the possible intramolecular energy transfer process within the 
molecules (Figure 3).

The interaction of compounds 4 and 6 with the 
oligonucleotides a-coreTT and c-kit was studied using UV-
vis and fl uorescence spectroscopies (Figures 5 and S4). A fi xed 
concentration of oligonucleotides (10 μM) was titrated with 
increasing concentrations of compounds 4 and 6 (2.5 μM, 5 
μM, 10 μM, and 20 μM). The spectra were scanned from 200 
to 800 nm, and baseline correction was done using 1M Tris-
HCl (pH 7.4). The addition of the a-coreTT to a solution of 
compound 4 induces remarkable shifts in λmax and absorption 
intensity (Figure 5). Upon increasing the concentration of 
the compound, the absorption band belonging to the bay 
substituent at 300 nm showed gradual hyperchromic and 
hypsochromic shifts and fi nally reached a maximum of 20 μM 
(Figures 5). The band shifted to 216 nm and intensifi ed eight 
times more than pure a-coreTT. Importantly, similar behaviour 
was observed for the oligonucleotide c-kit (Figures 5 and S4). 
The increase in the absorption (hyperchromic) of compound 
4 in the presence of a-coreTT and c-kit suggests a non–
intercalation mode of interaction through electrostatic forces, 
van der Waals interactions, dative bonds, hydrogen bonds, and 
hydrophobic interactions (Figures 5 and S4). The hyperchromic 
effect is due to the electrostatic binding of compound 4 with 

Figure 6: Absorbance (a and c) and Fluorescence (b and d) Spectra (λexc = 485 nm) of 4 and 6 with a-coreTT with a 2:1 concentration ratio.

Table 3: List of the Oligonucleotides with their Sequences.

Name of Oligonucleotide Sequence (5’-3’)

PCO3(F) ACACAACTGTGTTCACTAGC

CD6(R) ATTCGTCTGTTTCCCATTCTAAAC

a-coreTT AGGGTTAGGGTTAGGGTTAGGGTT

c-kit AGGGAGGGCGCTGGGAGGAGGAGGG
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the a-coreTT involving the hydrogen-bonding interaction 
between coordinated −C = O with functional groups positioned 
on the edge of oligonucleotide bases. Therefore, the maximum 
exposure of base pairs to the light increases the absorption 
intensity; hence, a hyperchromic shift occurs (Figure 5a).

Similarly, when the a-coreTT was added to compound 6 
solutions, upon increasing the concentration of the compound, 
the absorption band belonging to the bay substituent at 300 
nm showed gradual hyperchromic and hypsochromic shifts. 
Finally, it reached a maximum of 20 μM (Figures 5 and S4). 
Interestingly, the band shifted to 217 nm and intensifi ed 
fourteen times more than pure a-coreTT. Furthermore, 
a-coreTT’s absorption band at 258 nm intensifi ed and shifted 
to 262 nm.

In general, non-intercalative binding includes groove 
binding and electrostatic interactions. Groove binding involves 
hydrogen bonds and van der Waals forces and allows compounds 
to bind through the grooves of the oligonucleotide (supporting 
H-bonding). The electrostatic interaction occurs between 
compound 4 and oligonucleotides a-coreTT or c-kit through 
the high negative charge on the oligonucleotide’s phosphate 
backbone. It is important to note that the electrostatic 
interaction occurs between compound 6 and oligonucleotides 
a-coreTT or c-kit through the high negative charge on the 
oligonucleotide’s phosphate backbone and the positive charge 
on the interacting molecule. Hence, compound 6 performed 
much better binding to the a-coreTT or c-kit than 4. The 
absorption spectra of the complexes of the compounds with 
a-coreTT and c-kit (Figures 4,5 and S4) show no alteration in 
the perylene core’s absorption peaks.

The fl uorescence spectra (Figures 5 and S4) of compounds-
oligonucleotide complexes showed broad excimer-like 
emissions (λexc = 485 nm) like the emissions observed for 
compounds 4 and 6 (Figure 2). There was little change in the 
emission spectra for compounds-oligonucleotide complexes. 
Notably, the compounds bind to oligonucleotides via non-
intercalative binding mode.

G-quadruplex formation assay: G-quadruplex structures 
(G4) are biologically important conformations formed by 
folding Guanine-rich nucleic sequences into four-stranded 
DNA secondary structures. The presence of G4 structures 
within oncogenic promoters and at telomeres causes them to 
downregulate transcription or block telomere elongation in 
cancer cells. Notably, effective G4 stabilizing compounds are 
promising alternatives in cancer therapeutics.

In detail, compounds 4 and 6 interaction as G4 stabilizers 
with G4 former human beta-globin gene were investigated 
using the 595 bp PCR amplifi ed region and agarose gel 
electrophoresis (4 %). Polymerase Chain Reaction (PCR) [44] 
was carried out for a guanine-rich region of the beta-globin 
gene (exon I, exon II, and 60bp of intron II after exon II) from 
the isolated human DNA. PCR amplifi cation was performed 
with 1X PCR buffer, 5 u/ml Taq polymerase, 100 μM of the 
forward (PCO3), and reverse (CD6) primers (Tm = 58 ℃) dNTP 
mix (10mM each), DNA template, and H2O. 

Agarose gel electrophoresis resolves DNA fragments based 
on their molecular weight. Therefore, the bands with the 
PCR product alone are expected to migrate longer distances 
on the gel than the bands that contain the PCR product and 
the perylene derivative complex. The band migrations were 
compared with each other with the help of a straight line 
illustrating equal distance migrated from the wells up until the 
straight line originating from the DNA ladder (Figure 7). The 
difference in path length observed with the help of the straight 
line could be attributed to the formation of a G4 structure (Lane 
A: DNA ladder; Lane B: PCR product alone; Lanes F−H: PCR 
product and compound 4 in 2.5, 5 and 10 μM concentrations; 
Lanes I−K: PCR product and compound 6 in 2.5, 5 and 10 μM 
concentrations). Notably, compound 6’s migration was slower 
compared to compound 4.

It is important to note here that compound 6 has a positive 
charge on its structure besides the hydrogen bonding potential 
of compounds 4 and 6, enhancing its potential to interact 
strongly with the negatively charged oligonucleotide backbone 
[4]. The other possible reason for the slower migration of 
compound 6 could be its higher molecular mass (compound 4: 
640.52 g/mol compound 6: 918.99 g/mol).

Notably, a concentration-dependent migration for the 
bands containing the PCR product and compound 4 was 
observed (Figure 7, Lanes F−H). More importantly, the 
migration bands for compound 6 were much more slowly than 
those belonging to compound 4 (Figure 7, Lanes I−K: migration 
of the band at 2.5 μM concentration for compound 4 is equal 
to the band’s migration at 10 μM concentration of compound 
4). Most probably, the positive charge on the substituents of 
compound 6 strengthens its G4 stabilizing potency.

MTT assay on SK-HEP-1 adenocarcinoma cells: In the 
present study, the effect of the compounds investigated on the 
SK-HEP-1 cell line which is widely used for liver carcinoma 
research and closely mimics liver cancers. Evaluation of the 
anti-cancer activity of compounds 4 and 6 was investigated 
using the MTT assay on the SK-HEP-1 cell line (Figure 8). 
Notably, the level of cytotoxicity potency of the compounds 
is concentration dependent. As depicted in Figure 8, each of 
the applied concentrations of these compounds has a different 

Figure 7: Results of G-Quadruplex Formation Assay on 4% Agarose Gel. Lane A 
illustrates the DNA ladder, lane B illustrates the PCR product alone, lanes C through 
E illustrate the complex of PCR product and two-fold concentrations (2.5μM – 
10μM) of 4, lanes F through H illustrate the complex of PCR product and two-fold 
concentrations (2.5μM – 10μM) of 6.
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Figure 8: Anti-cancer Effects of 4 and 6 on SK-HEP-1 Cancer Cell Lines.

level of cytotoxicity potency. The viability of the SK-HEP-1 
adenocarcinoma cell line has signifi cantly decreased above 100 
μg/ml and 50 μg/ml for compounds 4 and 6, respectively. The 
IC50 values were calculated as 79.6 μg/ml for compound 4 and 
50.9 μg/ml for compound 6. Compound 6 showed moderate 
anticancer activity. The effectivity level of compound 6 is higher 
than compound 4 in terms of anti-cancer activity according to 
the MTT assay and statistical analysis.

Conclusion

In summary, two bay-substituted perylene bisanhydrides 
were successfully designed and synthesized, and characterized 
through conventional spectroscopic methods. The interaction 
of those compounds with oligonucleotides, human beta-globin 
gene, and SK-HEP-1 adenocarcinoma cells was investigated 
using biophysical techniques. UV‐vis and fl uorescence 
spectroscopies were employed to study the interaction of the 
compounds with oligonucleotides. Our results demonstrated 
that compounds 4 and 6 are promising DNA-binding and 
cytotoxic compounds with a relatively antiproliferative effect 
on selected tumour cells, SK-HEP-1 adenocarcinoma, and even 
with a signifi cant concentration-dependent selectivity. Within 
compounds 4 and 6, the formal positive charge consisting of 
compound 6 showed the most pronounced effect. A guanine-rich 
region was successfully amplifi ed from the human beta-globin 
gene via PCR. The complexation of this region with compounds 
4 and 6 was investigated via agarose gel electrophoresis. It is 
noteworthy that compound 6 exhibited a more potent binding 
potential. Moreover, the MTT assay has shown that both 
dyes have decreased the SK-HEP-1 adenocarcinoma cell line 
viability at 100 μg/ml, with compound 6 indicating the highest 
potential. Furthermore, the absorption and fl uorescence 
studies confi rmed the non-intercalative interaction between 
the compounds and two different oligonucleotides. Absorption 
and fl uorescence investigations showed probable energy 
transfer from the primers and substituents on the compounds 
to the perylene aromatic core. Finally, based on this study’s 
encouraging results, it could be concluded that these properties 
warrant further studies of this class of compounds as a new 
promising structure for antitumor agents. Future studies aim 
to focus on detailed investigations to synthesize and identify 
even more potent perylene derivatives with effi cient and 
selective antitumor activity in different cell lines.
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