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Abstract

Photodynamic therapy (PDT) efficiency is affected by the nature of the binding between the photosensitizer
and serum albumin. The kinetic interaction between two potential PDT dyes with bovine serum albumin was
studied providing not only the rate constants but also demonstrating that the kinetic of the interaction of the

two dyes is very different.
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Introduction

Photodynamic therapy (PDT)' consists in the activation of molecular oxygen under irradiation by light in the
presence of photodrugs (photosensitizers, PS) that have been previously selectively accumulated in the target
tissues. In comparison with conventional treatment methods (i.e. surgery, chemotherapy, radiation), PDT is
considered to be a clinical treatment with high safety, few side effects, reliable repeatability, and relatively
low cost. The sensitizer, activated by light, reacts with the oxygen present in the tissue, forming highly toxic
oxygen radicals (ROS). These species react with biological molecules such as proteins, amino acids, lipids,
nucleotides and nucleic acids inducing tissue necrosis/apoptosis or autophagy. Therefore, PS is responsible

of the efficiency of PDT and even if some important developments in PS have been achieved, some



problems still exist”. The way of binding of PS to serum albumin is thus crucial to clinical use of PDT.

Serum albumins are the most extensively studied proteins because of their availability, low cost, stability
and unusual ligand binding properties’. Albumin is the most multifunctional transport protein and has an
important role in the transport and deposition of a variety of endogenous and exogenous substances in blood*
due to the existence of a limited number of binding regions of very different specificity’. The nature and the
efficiency of the binding between the PS and serum albumin plays an important role for PDT efficiency.
Recently, it has been shown that if a molecule possesses affinity for serum albumin, it would probably
exhibit efficient PDT applications’. Moreover, from a pharmacokinetic point of view, if the binding is very
tight and the release is too slow, it will seriously restrict the action of the drug. For this reason, a complete
and in-depth study is of the upmost importance to know the affinity and the way of interaction of any PS for
albumin.”

Among the PS used so far, porphyrins derivatives have an excellent PDT efficacy® and some of them have
been approved for clinical use’. Porphyrins are macrocycles formed by four pyrrole rings bridged by four sp’
hybridized carbon atoms. The macrocycle is planar, fully conjugated and has a main conjugation pathway of
18 = electrons. Porphyrins have interesting photochemical characteristics and exhibit desirable properties for
drug candidates in PDT. These properties include: high quantum yield of singlet oxygen production,
absorption at longer wavelengths, preferential tumor location, minimal dark toxicity and stability'’. These
physico-chemical properties are affected by many factors and are important to understand the behaviour of
porphyrins and their derivatives in organisms. Therefore, studies of their interaction with membranes,
macromolecules and other isolated biological structures are relevant in view of the challenges faced in
formulating these drugs into stable, effective and safe dosage forms. Porphyrins have some drawbacks such
as relatively poor photostability, low solubility in water, serious skin photosensitization and specific
(sometimes undesired) biodistribution''. For these reasons there is a need to develop next generation of PS in
order to improve photophysical and pharmacokinetic properties; a variety of organic photosensitizers have
been investigated like cyanines'”, phtalocyanines", dipyrromethenes'* and squaraines.

Quite recently, the interest in squaraine compounds'® has been renewed due to their potential application in
a large number of fields such as solar-energy conversion'®, nonlinear optics'’, biological applications'®, and

sensitizers for photodynamic therapy'’. Squaraine dyes™ are the dicondensation product of electronrich



molecules with squaric acid®'. The main characteristic of this class of compounds is the sharp and intense
absorption coupled with a strong fluorescence in solution.

In the present work we studied the kinetic interaction between Bovine Serum Albumin (BSA) and
protoporphyrin IX (PPIX) and we compared the results obtained with the interaction between BSA and a
squaraine dye (SQ) (Figure 1). Both interactions have already been studied in the literature but only
thermodynamic binding constants have been calculated®>'®. The equilibrium association constants obtained
for the interaction between BSA and PPIX are in the order of 10° M and have been obtained by UV-Vis™*
and cyclic voltammetry>. The same interaction has been studied by surface plasmon resonance™ to evaluate
the association and dissociation binding constants. Moreover, fluorescence spectroscopy* has been used to
study the effect of pH on the interaction between protoporphyrins and BSA. From the thermodynamic point
of view, the two dyes seem to interact in the same order of magnitude but their kinetic behaviour is
completely different. The kinetics of these interactions may be important in determining the distribution and
metabolic half-life of these potential photosensitizers. To our knowledge this is the first example of a kinetic

study of the interaction between BSA and a squaraine dye.
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Figure 1. Structures of protoporphyrin IX (PPIX) and squaraine dye (SQ).

Experimental procedures
Materials

All reagents were of analytical reagent grade and double distilled water was used. BSA solutions
were prepared based on its molecular weight of 66,000. The solution concentrations were chosen
after UV-Vis analysis in order to check that no aggregates were present.25

Squaraine dye was synthesized by the condensation reaction between squaric acid and
phloroglucinol in glacial acetic acid following the literature procedure20 except for a slightly

modification of the crystallization process which was performed in chloroform.



Fluorescence spectroscopy

Fluorescence measurements were recorded using a LS55 Perkin Elmer spectrofluorimeter
equipped with a xenon lampsource, a 5 mm path lenght quarz cell and a thermostat bath. As a
preliminary analysis, fluorescence spectra were recorded in the range of 300-500 nm upon
excitation at 295 nm in order to investigate the binding of PPIX or SQ to BSA. Then, fluorescence
experiments were performed in a time drive mode in order to check whether and when the solution
had reached the stability. Samples were excited at 295 nm and monitored at 353 nm to check BSA
fluorescence. Samples were excited at 409 nm and monitored at 626 nm to check BSA
fluorescence. Slits widths were 2.5/5 nm. Fluorescence intensity was recorded every 60 seconds.
Stopped flow fluorescence

Fluorescence kinetics measurements were recorded using an Applied Photophysics SX20
stopped-flow spectrometer fitted with a 320 nm cut-off filter between the cell and fluorescence
detector and equipped with a thermostat bath (25°C). Data acquisition, visualisation and analysis
were provided by Pro-Data software from Applied Photophysics Ltd.
BSA concentration (2 uM in phosphate buffer pH 7.4) was kept constant and several shots of
different SQ concentrations were performed over the range 10-120 uM in phosphate buffer. The
reported concentrations are syringe concentrations, this means that the real concentrations in the
cuvette are halved. Each experiment (whole concentration set) was repeated five times, each time
using new mother solutions of BSA and SQ. For each dilution condition at least five scans were
acquired and averaged. Each experimental point is therefore an average of 25 shots. Raw data were
analyzed and plotted to a double exponential function by using Pro-Data Viewer 4.0.17 and from
this data treatment the observed rate constants (ko) were obtained. The excitation wavelength was
295 nm and slits widths of the excitation monochromator were 1.5 mm.

Results

BSA interaction with PPIX

The interaction between BSA and PPIX was followed keeping the BSA concentration constant (1 uM) and



increasing PPIX concentration (from 0.25 uM up to 7.5 uM). The addition of PPIX led to an hypsochromic
shift from 345 nm to 336 nm with a decrease in fluorescence intensity (Figure 2A). The same was reported
previously and fluorescence quenching demonstrates that porphyrin binding sites are near the tryptophan
residues of BSA.” But from the kinetic point of view, if we monitor this interaction with time we can notice
that fluorescence intensity at 345 nm is continuously changing even after one hour. We report in Figure 2B
and 2C the change of fluorescence intensity with time after mixing BSA (1 pM) and PPIX at different
concentrations. We then tried to monitor the same interaction by following fluorescence intensity of the
fluorophore therefore exciting at 626 nm but also in this case, as is evident in Figure 2D, the signal is
continuously changing even after some hours. We tried to record the intensity change of fluorescence by
mixing PPIX (2.5 uM) and BSA (5 uM) and we noticed that it never reached a plateau even after 5 hours
(Figure 2D). The kinetic constant of the interaction was therefore impossible to evaluate.
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Figure 2. A) Change in fluorescence emission of BSA (1 uM) with the addition of PPIX in phosphate buffer, after 30
minutes incubation. [PPIX] (a) 0, (b) 0.25 uM, (c) 1 uM, (d) 1.75 uM, (e) 2.5 uM, (f) 3.5 uM, (g) 5 uM, (h) 6.5 uM, (i)
7.5 uM. B) Fluorescence intensity changes vs. time recorded by stopped-flow apparatus (excitation at 295 nm, cut-off
filter at 315 nm) for the interaction between BSA (1 uM) and PPIX (50 uM). C) Fluorescence intensity changes vs. time
recorded at 345 nm upon excitation at 295 nm for the interaction between BSA (I uM) and PPIX (I uM). D)
Fluorescence intensity changes vs. time recorded at 626 nm upon excitation at 409 nm for the interaction between BSA
(5 uM) and PPIX (2.5 uM).

The thermodynamic binding constants can be determined by fixing an incubation time of one hour and by
using the Modified Stern-Volmer Equation (equation 1)* from which it is possible to get the K, from the
antilog of the intercept and the n (i.e. the number of binding sites) value from the slope of the straight

regression line (R*=0.98) as showed in Fig. 3:

log FO;F =log K, +nlog[Q] (1)
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Figure 3. Modified Stern—Volmer plot of the BSA-PPIX experiment.
The values of K, and n were 1.15-10* M and 0.8, respectively, indicating that there is only one binding site
for porphyrin on BSA. These results are in agreement with the data obtained by Xiao et al., in particular

with their data obtained by SPR technique. On the contrary, our results differ from their fluorescence

quenching data, always reported in the same paper. This difference can be due to the fact that we pay



attention to reach the saturation. Therefore, our fluorescence results are a more realistic description of the
interaction and indeed more comparable with their kinetic rather than thermodynamic studies. Actually,
Sulkowski et al.*** had studied the time dependence of the spectral properties of PPIX and observed a change

in the UV-Vis spectra of the PPIX alone in solution.



BSA interaction with SQ

On the contrary of what observed for PPIX, the interaction between SQ and BSA was immediate with a
decrease in fluorescence intensity with an hypsochromic shift from 345 to 329 nm (Figure 4a). The greater
solubility of SQ allows us to work at higher concentrations compared to that used for PPIX. As we
monitored this interaction with time, we noticed that in this case the interaction was too fast to be followed
by a common spectrofluorimeter.
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Figure 4. A) Change in fluorescence emission of BSA (1 uM) with the addition of SQ in phosphate buffer. [SQ] (a) O,
(b) 10 uM, (c) 20 uM, (d) 30 uM, (e) 50 uM. B) The stopped-flow fluorescence intensity record of the binding of 1 uM
BSA to 10 uM SQ. The solid thin red line is the best fit to the data providing k,,s values. C) The stopped-flow
fluorescence intensity record of the binding of 1 uM BSA to 20, 60 and 100 uM SQ. D) The dependence of the k,
determined by the fluorescence intensity of the binding of BSA to increasing SQ concentration. Data points are the
mean of five independent experiments, standard deviation is also reported. In one point error bar is not visible as it is
concealed by the data point.

For this reason we examined the kinetic interaction of the binding between SQ and BSA by stopped flow
fluorescence. The binding was investigated under pseudo-first order condition®® ([SQ] >> [BSA]) by
monitoring the fluorescence changes after the formation of the complex. Figure 4b shows that on mixing 1

uM BSA with 10 uM SQ (cell concentration) there is a decrease of the signal which reaches a plateau after



few ms. Raw data were analyzed and plotted to a double exponential function.

The interaction was studied by keeping BSA concentration fixed at 1 uM and changing the SQ
concentration (Figure 4c). The dependence of the observed rate constant (k) of SQ binding to BSA (SQ
concentration over a range of 5-60 uM) is shown in Figure 4d.

Although the dependence is linear at lower concentrations, there is evidence of hyperbolic behaviour at
higher concentrations. This suggests that there are two steps in the binding interaction.”” A graph of 1/Kgp
against 1/[SQ] is linear within experimental accuracy (see Fig. 5) and is compatible with a two-step binding

mechanism.
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Figure 5. Secondary plot of the data reported in figure 4d.

The binding interaction between the squaraine (SQ) and the protein (P) can be described by a minimal,
two-step mechanism (Equation 2) where a fast, diffusion controlled pre-equilibrium step is followed by a
second slower step, which leads to the formation of a stable complex. The stopped-flow apparatus can follow
and study only the second step, since step I is completed within the mixing time.

SQ + P =—=(SQ-P)*s—= SQ-P
1 I
2
When the squaraine/protein ratio is under pseudo first-order condition the dependence of the observed

relaxation rate constants on protein concentration fulfilled equation 3.* This allows the determination of the

equilibrium association binding constant of step I (K;) and the rate constants for step II (k; and k).

_ K1[SQ]
kObS - kz Kl[SQ]+1 + k—Z (3)

The experimental data (K, Vs. squaraine concentration) were fitted to equation 3 finding: K; (5.3-10* M)



which represents the association binding constants of step 1 and k,, and k, which are the rate constants of
the second step whose values are 880 M''s™" and 30 s™ respectively. From these values the dissociation
binding constant of step 1 (K.; = 1.9-10° M) and association and dissociation binding constants of step 2
(K, =29.33 M e K, =3.4:10” M) can be determined. It is not easy to compare these data with the binding

constants obtained previously'®

because in that paper they reported the binding constant of the overall
process while, in this paper, we were able to better describe the way of interaction of BSA with SQO1. In
both cases there is evidence of a two-site interaction (i.e. SQO1 interacts on both BSA sites). The power of
this approach is that we can better describe the interaction showing its occurrence in a two steps mechanism.
The evaluation of the binding between the photosensitizers to their macromolecular targets is crucial for
pharmacological activity. Copeland et al.” asserted that sometimes the in vivo efficacy of a ligand can be
related to the equilibrium dissociation constant measured in vitro. In fact, one of the most important aspects
for in vivo drug efficacy is not only the apparent affinity of the drug for its target, but rather the period in
which the receptor is occupied by the ligand (i.e. residence time). Also in the case of plasma protein-drug

complexes the duration of the interaction may play an important role in the equilibrium process between

unbound and bound drug concentrations.

Conclusions

The nature and of drug—albumin interaction significantly influences the pharmacokinetics of the drug and the
binding parameters influence absorption, distribution, metabolism, and excretion properties of typical drugs.
Here we showed that the kinetic behaviour of PPIX and SQ is completely different: SQ has a very fast
kinetic interaction with BSA and a greater solubility. These aspects make the class of squaraines very
interesting as potential drugs in PDT. Further studies are in progress to understand the squaraines structure-
relationship influence on the kinetic interaction with serum albumins. The correct determination of the
binding parameters of ligand—-receptor interaction is important for fundamental investigations and practical

aspects for the development of potential drugs like squaraines in PDT.
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