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Fluorescence resonance energy transfer from a β-carboline analogue to a cationic photosensitizer in aqueous solution Paramita Das, Deboleena Sarkar & Nitin Chattopadhyay* Department of Chemistry, Jadavpur University Kolkata 700 032, India Email: [email protected] Received 25 January 2008; revised 1 April 2008 Fluorescence resonance energy transfer from a potent bioactive non-ionic molecule, 3-acetyl-4-oxo-6,7-dihydro-12H indolo[2,3-a]quinolizine, to a cationic fluorophore, phenosafranin, has been investigated using steady state absorption as well as steadystate and time-resolved fluorescence techniques. From the quenching of the donor fluorescence by the acceptor, SternVolmer constant has been determined. The energy transfer process follows a long range dipole-dipole interaction mechanism. The energy transfer efficiency, the critical energy transfer distance and the distance between the acceptor and the donor have been determined for the fluorescence resonance energy transfer process.



Fluorescence resonance energy transfer (FRET) is an interesting and well studied photoprocess in which excitation energy is transferred from one molecule (donor) to another molecule (acceptor) loosing the emission from the donor molecule1-3. The efficiency of this distance-dependent photoprocess between the donor and the acceptor systems depends on several factors: (i) the overlap between the donor emission and the acceptor absorption, (ii) the orientations of the transition dipoles of the donor and the acceptor, and, (iii) the distance between the donor and acceptor1. The efficiency of FRET depends strongly on the distance between the donor and the acceptor and is proportional to the inverse six power of the intermolecular distance between the donor and the acceptor molecules. FRET reaction taking place both in homogeneous solution4,5 as well as in confined media, e.g., in micelles6,7, proteins8 and reverse micelles9, plays an important role in biological processes. FRET is a useful tool to investigate the molecular dynamics, e.g., protein-protein and proteinDNA interactions. The widespread and most important application of this phenomenon is its use as “spectroscopic ruler”1. In recent times, most of the



applications of FRET are observed in the field of biochemistry. It is an important technique for investigating a variety of biological phenomena including photosensitization10,11. Photosynthesis is the classic example of such photosensitization. FRET has also been used in photodynamic therapy for cancer treatment1. It has been exploited to investigate the intermolecular interactions and also to assess the location of the fluorescent drugs in proteins, DNA, polymers, lipid bilayers, etc1,8,12,13. This powerful technique has also been used to study the protein folding and kinetics of conformational changes in nucleic acids14,15. In this work, we report the fluorescence resonance energy transfer between 3-acetyl-4-oxo-6,7-dihydro12H indolo-[2,3-a]quinolizine (AODIQ, I) and phenosafranin (PSF, II), the former one being a nonionic fluorophore while the latter one is a cationic dye. Phenosafranin is one of the popular phenazinium dyes, used as a sensitizer in energy and electron transfer reactions in homogeneous media and in semiconductors16-19. Molecules containing indole nucleuses like β-carbolines, carbazoles etc. are by now well established as bioactive molecules20-22. One step synthesis of AODIQ from 1-methyl-3,4-dihydroβ-carboline projects the potential of the compound as a drug. Through a series of experiments it is already established that these two fluorophores serve as excellent fluorescent probes for looking at the biomimicking systems23-27.



Experimental AODIQ was synthesized in the laboratory using the method mentioned elsewhere20. It was purified by column chromatography and the purity of the compound was checked by thin layer chromatography. The compound was further vacuum sublimed before use. The dye, PSF, was purchased
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Results and discussion The fluorophore, AODIQ shows a broad absorption band at 420 nm and yields an unstructured, charge transfer (CT) emission band in aqueous solution with maximum at 520 nm. In aqueous medium, a broad absorption band of PSF with maximum at 520 nm is observed with a corresponding CT fluorescence appearing with maximum at 585 nm. Considering the fact that PSF absorbs mostly at a region where AODIQ emits, the fluorophores are judged as a promising pair for the FRET study. In aqueous



solution of AODIQ, gradual addition of PSF depicts quenching of AODIQ fluorescence at 520 nm with the simultaneous generation of a new band through an isoemissive point at 566 nm. Figure 1 shows the variation of AODIQ fluorescence as a function of PSF concentration. To verify that the fluorescence of PSF is originating through the FRET process, a blank experiment was performed with the same concentration of PSF in water in the absence of AODIQ, by exciting the solution with 420 nm radiation. The experimental result was compared with the total fluorescence coming from the mixtures of donor and acceptor fluorescence. Insignificant direct excitation of PSF at 420 nm in the blank experiment confirms the occurrence of the FRET process between the chosen pair. Figure 2 depicts the excitation spectrum in the presence of the donor (420 nm) and the acceptor (520 nm) in aqueous solution. Neither the absorption spectrum nor the excitation profile (Fig. 2) of the mixture of the donor and acceptor molecules exhibits any extra band other than the individual bands of AODIQ and PSF. This rules out the formation of any ground-state complex between the donor-acceptor pair in the solution5,7,28. During the FRET study, there was no additional new broad band at longer wavelength in the fluorescence spectrum of the mixture of donor and acceptor (Fig. 1). This negates the possibility of the formation of exciplex between the photoexcited donor and the acceptor molecules. Consistent with the reports of Lakowicz1, De et al.7,28, Sengupta et al.29



Fig. 1—Fluorescence spectra of AODIQ (7 µM) as a function of PSF concentration (λexc = 420 nm). [For curves (i) → (ix), PSF concentrations are 0, 1.0, 3.0, 5.4, 7.0, 10, 16.7, 22.4 and 31 µM, respectively].



Fig. 2—Fluorescence excitation spectrum in the presence of donor (7 µM) and acceptor (5.4 µM) monitoring at 555 nm.



from Sigma and used as received. Its purity was confirmed from its absorption and emission spectra in standard solvents. Triply distilled water was used to make the experimental solutions. The concentration of AODIQ was 7.0 × 10-6 mol dm-3 throughout the experiment. Absorption and steady state fluorescence measurements were carried out using a Shimadzu MPS 2000 spectrophotometer and a Spex fluorolog-2 spectrofluorimeter equipped with DM3000F software respectively. All the experiments were performed at ambient temperature (300 K). Fluorescence lifetimes were determined from time resolved intensity decay measurements by the method of time-correlated single-photon counting (TCSPC) using a picosecond diode laser as light source at 403 nm (IBH, UK, nanoLED-07). The decays were analyzed using IBH DAS-6 decay analysis software. Goodness-of-fits was evaluated by χ2 criterion and visual inspection of the residuals of the fitted function to the data.



NOTES



and our own works4,6,8, the observation, i.e., the decrease in the fluorescence intensity of AODIQ on gradual addition of PSF solution with a concomitant development of the PSF fluorescence is an obvious indication of a F rster’s type resonance energy transfer from AODIQ to PSF. The quenching of the donor fluorescence in the presence of the acceptor is followed by the SternVolmer relationship: F0 / F = 1 + KSV [Q] = 1 + kET τ0 [Q]



…(i)



where F0 and F are fluorescence intensities of AODIQ in the absence and in the presence of the acceptor, respectively. [Q] is the concentration of the quencher (here PSF) and KSV is the Stern-Volmer quenching constant. kET and τ0 are the energy transfer rate constant and fluorescence lifetime in the absence of PSF, respectively. Figure 3 shows Stern-Volmer plot [(F0 /F) – 1 versus [Q]] for the quenching of AODIQ with added PSF in the aqueous solution. The slope of the plot gives the value of KSV to be 8.8 × 104 mol-1 dm3. Linearity of the plot indicates only one type of quenching1. In aqueous solution, AODIQ shows bi-exponential fluorescence decay with a mean lifetime of 0.8 ns (ref. 24). This decay pattern remains indifferent with the addition of PSF. Constancy of the fluorescence lifetime of the donor with the addition of the acceptor rules out the possibility of the fluorescence quenching to be dynamic. Linearity of the Stern-Volmer plot, therefore, confirms that the quenching process is
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entirely static in nature. Similar unaffected fluorescence lifetime of the donor in the presence of the acceptor molecule is quite common in FRET studies5,8,30,31. Using the lifetime value of AODIQ in the absence of PSF and Eq. (i), the energy transfer rate constant (kET) is determined to be 1.08 × 1012 mol-1 dm3 s-1. The determined kET value falls in the normal range (∼1011-1012 mol-1 dm3 s-1) reported earlier for similar type of FRET studies and is order of magnitude higher than that observed for a normal diffusion controlled quenching process1,5,6,30 (in normal diffusion, kET value is ≤ 1010 mol-1 dm3 s-1). The estimated KSV and kET values suggest that the dominant mechanism of the fluorescence quenching is the resonance energy transfer through long range dipole-dipole interaction rather than the simple diffusion dominated collision process between the excited donor and the ground state acceptor molecules. Energy transfer efficiency



For a FRET process it is important to read the process through a measure of the energy transfer efficiency (E). According to the Förster’s non-radiative energy transfer theory2,32, the energy transfer efficiency E depends not only on the distance (r0) between the donor and the acceptor, but also on the critical energy transfer distance (R0), at which the efficiency of the energy transfer is 50%, by the relation: E = R06 / (R06 + r06)



…(ii)



Energy transfer efficiency can be determined from the following relationship: E = 1- FDA/ FD



…(iii)



where FDA is the fluorescence intensity of the donor in the presence of the acceptor and FD is the fluorescence intensity in the absence of the acceptor. Energy transfer efficiency, E has been determined to be 0.39 at 1:1 condition of donor-acceptor pair using equation (iii). The value of R0 depends on the spectral properties of both the donor and the acceptor molecular systems. R0 is expressed as follows1: R06 = 8.8 × 1023 [κ2 n-4 φD J (λ)] in Å6



Fig. 3—Plot of [(F0 /F) – 1] as a function of acceptor concentration in aqueous solution.



…(iv)



where κ2 is the factor expressing the relative orientation of the donor to the acceptor molecule (2/3, assuming a random orientation), n is the
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value of E less than 0.5. A computed estimate of r0 can be had from the dimensions and concentrations of the acceptor molecules using nearest neighbor distribition33.



Fig. 4—Overlap of absorption spectrum of PSF (dotted line) with normalized emission spectrum of AODIQ (solid line) in aqueous solution.



refractive index of the medium (1.333 for water), φD is the quantum yield of the donor (0.08) (ref. 25) in the absence of the acceptor and J(λ) is the overlap integral of the fluorescence emission spectrum of the donor and the absorption spectrum of the acceptor in mol-1 dm3 cm3. The spectral overlap integral J(λ) is calculated by numerical integration method. The overlap integral J(λ) for a donor-acceptor pair is defined as1,8,28: ∞



J (λ ) = ∫ FD (λ )ε A (λ )λ4 dλ



…(v)



0



where FD(λ) is the corrected fluorescence intensity of the donor at wavelengths λ to (λ+∆λ), with the total intensity normalized to unity and εA(λ) is the molar extinction coefficient of the acceptor at wavelength λ. The overlap spectrum is shown in Fig. 4. Using Eq. (v), the value of J(λ) comes out to be 1.2206 × 10-11 mol-1 dm3 cm3. We have determined the critical energy transfer distance (R0) and the distance between the donor and acceptor (r0) though there is an uncertainty in the distance measurement arising principally due to the orientation factor, which is a major problem in exploiting this technique. Critical energy transfer distance has been calculated using the relationship (iv) and is found to be 75 Å. Knowing the values of E and R0, using Eq. (ii), the distance between the donor and the acceptor is found to be 81 Å in aqueous solution. The higher value of r0 as compared to that of R0 can be also justified by the



The present study reports an efficient energy transfer from a neutral molecule, AODIQ to a cationic dye, PSF. The study reveals that the quenching of the donor fluorescence with addition of the acceptor follows a long range dipole-dipole interaction. From the overlap of the donor fluorescence with the acceptor absorption, critical energy transfer distance has been calculated. The efficiency of energy transfer has been found to be less than 50%. The distance between the donor and the acceptor has also been determined from the calculated values of the energy transfer efficiency and the critical energy transfer distance. Acknowledgement Financial support from DST and DBT, Government of India, is gratefully acknowledged. PD and DS thank the CSIR for the research fellowships. References 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
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