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Photophysics and photochemistry of dyes bound to human serum albumin

are determined by the dye localization
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The photophysics and photochemistry of rose bengal (RB) and methylene blue (MB) bound to human
serum albumin (HSA) have been investigated under a variety of experimental conditions. Distribution
of the dyes between the external solvent and the protein has been estimated by physical separation and
fluorescence measurements. The main localization of protein-bound dye molecules was estimated by the
intrinsic fluorescence quenching, displacement of fluorescent probes bound to specific protein sites, and
by docking modelling. All the data indicate that, at low occupation numbers, RB binds strongly to the
HSA site I, while MB localizes predominantly in the protein binding site II. This different localization
explains the observed differences in the dyes’ photochemical behaviour. In particular, the environment
provided by site I is less polar and considerably less accessible to oxygen. The localization of RB in site |
also leads to an efficient quenching of the intrinsic protein fluorescence (ascribed to the nearby Trp
residue) and the generation of intra-protein singlet oxygen, whose behaviour is different to that
observed in the external solvent or when it is generated by bound MB.

Introduction

Singlet oxygen ('O,) is a non-radical reactive oxygen species (ROS)
extensively studied in the last decade due to its generation and role
in a series of physiological processes. Principal targets of 'O, in
biological environments are proteins, mainly due to the efficient
reactivity of 'O, towards several amino acid residues and the
large intrinsic protein concentration.*” The primary ' O,-mediated
oxidation products in proteins are long-lived hydroperoxides,®*
which in turn can be the source of free radicals in metal-
catalyzed reactions, extending the initial damage to other protein
sites and/or cellular targets.’*" In addition, 'O, can be easily
produced by UV or visible light irradiation in the presence of
photosensitizers.’ Rose bengal (RB) and methylene blue (MB)
(Scheme 1) are among several natural and synthetic compounds
used as photosensitizers, and are frequently employed for the
photoinduced generation of '0,,*'>'"" taking advantage of their
high water solubility and quantum yield of 'O, generation, @ ,.2°*!

Several studies have employed human serum albumin (HSA) as
a protein oxidation model.”>* HSA is composed of 585 amino
acids and with high alpha-helix content (67%). This protein
reaches concentrations of ca. 0.6 mM in human plasma and its
most important biological function is the transport of free fatty
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Scheme 1 Chemical structure of rose bengal (RB; left) and methylene
blue (MB; right).

acids, as well as an extraordinarily broad range of molecules,
including pharmaceutical drugs and photodynamic therapy
agents.”* The crystallographic analysis of HSA has shown three
homologous helical domains (I-IIT), with the whole structure
stabilized by 17 disulfide bridges.?” This native conformation of
the protein provides two principal binding sites for aromatic and
heterocyclic molecules, called the Sudlow’s sites T and 11,33 which
are located in sub-domains ITA and IITA, respectively.*?

The association of a photosensitizer molecule to a protein
could modify both the photophysics and photochemistry of the
dye, and the photooxidation mechanism of the macromolecule, a
phenomenon that can be particularly important for albumins due
to their high physiological concentrations and binding capacity.**-**
The incorporation of the dye molecule in the protein structure
could lead to an alternative mechanism of photooxidation me-
diated by direct interaction of the dye with the protein and/or
could comprise a site-specific type Il photooxidation mechanism.
Recently,”® we reported the photophysical and photochemical
properties of RB associated with HSA. The results obtained were
explained in terms of an efficient association of RB to both
sites I and II of the protein, accompanied by the spectroscopic
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absorbance and emission modification together with a diminution
of @,.

Bartlett and Indig®® employed MB as photosensitizer in the
'0,-mediated oxidation of bovine serum albumin (BSA). These
authors proposed a change in the mechanism of oxidation due
to the incorporation of the dye in the protein structure, but the
characteristics of the binding of MB to BSA were not reported.
Recently, Hu er al* studied the interaction of MB with HSA
using the intrinsic fluorescence quenching of Trp 214 due to MB
addition, obtaining an binding constant of 1 x 10° M.

In dye-photosensitized protein oxidation the oxygen accessi-
bility to the binding site can be an important factor in order
to understand the main photooxidative mechanism. Vanderkooi
et al.** have performed a series of works in order to determine
the oxygen accessibility to different proteins employing the oxygen
quenching of Trp triplet phosphorescence as a sensor for oxygen
accessibility. These authors concluded that the oxygen migration
through well-structured cores of globular proteins could be slowed
down over 1000 times in comparison to diffusion in water. In this
work we report the photochemistry of two dyes, MB and RB,
bound to HSA, with particular emphasis on the generation and
fate of 'O, in the dye-protein binding site.

Material and methods
Materials

Rose bengal (RB), methylene blue (MB), human serum albumin
free of lipids, 99% (HSA), deuterium oxide, NaCl, NaHPO,,
Na,HPO,, dansyl amide (DNSA) dansyl sarcosine (DS),
S-naproxene, and S-warfarine were purchased from Sigma-
Aldrich. All experiments were performed at 25 °C in phosphate
buffer saline (PBS) 100 mM at pH 7.4, employing Milli-Q water
and/or in deuterated PBS 100 mM, pD 7.4.

Steady-state spectroscopic measurements

Absorption spectra were registered using a Hewlett Packard 8453
UV-visible spectrophotometer (Palo Alto, CA, USA) and/or a
Cary-100 UV-Visible spectrophotometer. Fluorescence emission
measurements were carried out in a Perkin Elmer LS-55 (Beacon-
stield, UK) or a Hitachi F-2500 (Kyoto, Japan) spectrofluorime-
ters, both equipped with a temperature-controlled 1.0 cm path cell
holder.

Quenching of the intrinsic Trp fluorescence by methylene blue

In order to assure a complete hydration process, all protein
solutions were stabilized for 1 h before the measurements. The
HSA concentration was adjusted to 10 uM using ¢ = 35353 cm™
M at 280 nm.*® The tryptophan (Trp) fluorescence quenching
elicited by addition of MB aliquots (up to 50 uM) was performed
with a fast scan speed (1000 nm min™) and a slit width of 2.5 nm to
minimize photobleaching of the protein. In order to minimize Tyr
emission interference, excitation was carried out at 295 nm and
the Trp emission was measured at 350 nm. All emission intensities
were corrected for light absorption at 295 and 350 nm by M B, with
the expression:*

Fo = F,. X 10295435072 M

where F.,., corresponds to the corrected fluorescence and F,. is
the measured fluorescence (without correction). The absorbance
values at 295 nm and 350 nm, ie A,s; and A, are those
corresponding to the employed MB concentration and they take
into account absorption by the quencher at the excited and emitted
wavelengths.

Competitive binding tests

Displacement of bound dansylsarcosine (DS) and dansylamide
(DNSA) was assessed as previously described.® Briefly, the change
in the fluorescence intensity of the dansyl probes (A, = 350 nm
and A., = 470 nm) resulting from MB addition to a solution
of HSA and dansyl complex (2 uM : 2 uM) was determined. All
measurements were carried out at 25.0+0.5 °C. Similar procedures
were carried out to assess the displacement of RB by S-naproxen
and S-warfarin (RB 10 uM; HSA 10 uM).*#

Dialysis measurements

The extent of association of MB to albumin was evaluated by
dialysis. Briefly, solutions in PBS were prepared and vortexed for
45 s. The samples were then incubated in dialysis tubing cellulose
membrane (MW > 12 kDa, Sigma-Aldrich) for 24 h in darkness at
room temperature. Afterwards the concentration of free MB was
calculated by absorbance measurements (&, = 74000 M~ cm™)
at 665 nm and the bound concentration of the dye was registered
by difference. All measurements were carried out at 25.0 £0.5 °C.

Time-resolved measurements

The RB samples were excited using the second harmonic from a
Surelite I1, Nd-YAG laser (532 nm, ca 10 ns, 3.5 mJ per pulse) for
NIR emission, transient spectra and singlet oxygen measurements.
MB measurements were carried out using a Surlite OPO Plus
(pump with a Nd-YAG 355 nm) at 670 nm; 3.5 mJ per pulse for
singlet oxygen emission or with the third harmonic from a Surelite
I, Nd-YAG laser (355 nm, ca 10 ns, 10 mJ per pulse) for dye
transient absorption measurements. In all cases, fused silica cells
with a path length of 1.0 cm were employed.

Methylene blue transient absorption spectra were recorded with
an LFP 111 laser-flash photolysis system (Luzchem Inc., Ottawa,
Canada). To minimize degradation of the sample, less than 10
single laser shots were averaged. All measurements were performed
in aqueous PBS 100 mM, pH 7.4, N,-saturated solutions.

Singlet oxygen phosphorescence emission

The singlet oxygen phosphorescence decay traces after the laser
pulse for RB and/or MB were registered at 1270 nm employing
a Peltier-cooled (—62.8 °C) Hamamatsu NIR detector operating
at 750 V coupled to a computer-controlled grating monochro-
mator. The photocurrent from the PMT was stored on a digital
oscilloscope (Tektronix TDS 2012). Signal rise times as short as
50 ns were measured using the amplifier SR-445 from Stanford
Research. Primary data were acquired and analyzed with a
customized Luzchem Research LFP-111 system. Measurements
were performed in deuterated PBS (100 mM, pD 7.4) at room
temperature. In order to prevent photodegradation of the sample,
less than 10 shots were employed to obtain each decay profile.
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Docking simulations

The RB and MB structures were built using GaussView 3.09
software*® and their geometric optimization was performed with
B3LYP/6-31G* and RESP (restrained electrostatic potential
fitting).* The HSA docking simulation was performed considering
a flexible tryptophan residue (Trp-214) and carried out with an
AutoDock4.3 software.* The protein structure was taken from the
protein data bank (1E78) with a crystalline resolution at 2.6 A, as
reported by Carter and He.”

Results and discussion
Binding features of MB and RB to HSA

A pseudo-binding constant K, between a low molecular weight
dye (D) and HSA can be defined by:

__ by, _ n
by = = 2
[HSAJ[D];  [D];
where 7 is the average number of dye molecules bound per protein.
This treatment corresponds to a pseudophase model and applies
at n < 1 values, where it can be assumed that most of the protein
binding sites are unoccupied.

In order to assess the binding extent of MB to HSA we
performed dialysis experiments. The data obtained, plotted as
the number of bound dyes per protein as a function of the free
dye concentration, are shown in Fig. 1. From this plot we obtain
K, = (1.5 £ 0.2) x 10° M, a value similar to that reported by
Hu et al.* from Trp fluorescence quenching by added dye. This
binding constant implies that ca. 67% of dye is bound in presence
of 10 uM HSA and that, under physiological conditions (HSA =
0.6 mM), less than 1.6% of the dye would remain free in solution.

0,25 T &vT JT T &7 T T

00 02 04 06 08 10 12 14

[MB] o, 1M

Fig. 1 Adsorption isotherm measured by dialysis. The HSA concentra-
tion varied from 0 to 10 uM. MB = 1.5 uM. All the measurements were
performed in PBS buffer 100 mM, pH 7.4 at 25.0 £ 0.5 °C. Bars indicate
the standard error of four independent determinations.

Protein addition to MB aqueous solutions changed both the
absorbance and fluorescence spectra of the dye (data not shown)
only slightly, even at high HSA concentration ((HSA] = 30 uM)

where the photosensitizer is almost completely incorporated into
the protein. The similarity between the spectra obtained for the
free and bound MB suggests that the association takes place in
a protein region readily accessible to the solvent. In order to
characterize the main association site of MB to HSA, competitive
binding in the presence of the fluorescent dyes dansyl amide
(DNSA) and dansyl sarcosine (DS) was performed, Fig. 2. These
probes bind specifically to sites I and IT of HSA, respectively.3**!
The decrease of the DS fluorescence can be considered as indicative
of a competitive binding of MB to the site II of the protein, which
expels the dansyl probe to the bulk aqueous solvent. Instead, the
DNSA fluorescence increase could be related to conformational
changes in site I promoted by the incorporation of MB into site
II. A similar behaviour has been described by Sudlow et al. !
in a series of works aimed at establishing the association locus of
several drugs to HSA. From the DS fluorescence diminution, it
can be estimated, as a lower limit, that the association constant
to site Il is ca. (1.3 £ 0.4) x 10° M by considering that ca. 15%
of this probe is displaced at 2.0 uM analytical concentration of
the dye. This value agrees very well with that obtained by dialysis
experiments, confirming that MB association mostly takes place
at the protein’s site II. This is compatible with the affinity of this
site for positively charged solutes.**
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Fig.2 Changesin DS and DNSA fluorescence elicited by MB addition to
previously formed fluorophore-HSA complexes. Experiments were carried
out at pH 7.4 and complexes were preformed employing 2 uM HSA and
2uM of DNSA (O) or DS (A). Emission: 470 nm; excitation: 350 nm. Bars
correspond to the standard error of three independent determinations.

The fluorescence quenching of the single Trp-214 residue in sub-
domain ITA by MB was also evaluated, Fig. 3. The data, plotted
according to the classical Stern—Volmer (SV) equation, show a
noticeable downward curvature. From the initial linear region of
the plot, a SV constant K¢y = (3.60 + 0.02) x 10* M at 25 °C can
be estimated. By considering a fluorescence lifetime of ca. 4.5 ns
for the HSA-Trp residue,”® we estimate a bimolecular quenching
constant k, = 8 x 10> M s™'. This value is ca. three orders of
magnitude higher than that expected for a diffusion-controlled
process in water (=5 x 10° M s™). This implies that quenching
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Fig. 3 Intrinsic HSA (10 uM) fluorescence quenching due to MB addi-
tion. Excitation: 295 nm; emission: 350 nm. Inset shows the Stern—Volmer
plot as a function of MB concentration. All measurements were performed
in triplicate in PBS buffer 100 mM, pH 7.4 at 25.0+ 0.5 °C. All fluorescence
values were corrected by MB absorption at the excitation and emission
wavelengths.

must take place by a static mechanism involving ground state
complex formation and/or a resonance quenching promoted by
the binding of MB molecules in the proximity of the Trp-214
residue.

Fig. 3 shows that for 10 uM HSA almost twenty percent of the
intrinsic Trp-214 fluorescence was quenched by the addition of
6 UM MB. If we consider that quenching must involve at least one
MB bound to the protein bearing the excited Trp, this implies that
at least 2 uM of the MB is bound to albumin, leaving less than
4 uM as free MB in the external medium. From these data, an
association constant value of 5.0 X 10* M~ can be estimated (see
Table 1).

In static quenching processes, the Ky value corresponds to the
total binding constant of the quencher to the protein if a bound
quencher totally suppresses the intrinsic protein fluorescence. If
this condition is not fulfilled, the SV constant underestimates the
K, value. A comparison of the data obtained from quenching
experiments with K, values reported in Table 1 show that the Ky
value for the MB quenching of the intrinsic Trp fluorescence is
almost four-times smaller than the K, values estimated by dialysis
and dansyl displacement experiments. This can be due to the rather
large distance (ca. 30 A) between Trp-214 and the protein site I1.%
This would reduce the quenching efficiency of the bound dye and
could explain the downward curvature of the SV-plot, Fig. 3.

Interestingly, the MB-binding features to HSA are noticeably
different to those reported for RB.* The anionic RB strongly binds
to HSA with K, = 1.5x 10° M, implying almost full binding of the
dye (ca. 97%) by 10 uM HSA. Furthermore, from the absorption
and emission spectra of bound RB molecules it was concluded
that the adsorbed dye senses a microenvironment whose polarity
(measured by its ET;, value®) is similar to that of DMSO.* This
conclusion is compatible with a predominant binding to the less
polar site I. In order to further assess the main binding site of
RB we evaluate its displacement by S-naproxen and S-warfarin,
Fig. 4. These drugs selectively bind to sites I and II of HSA with
K, =1.2x10° M™" and 3.3 x 10° M, respectively.*** The data
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Fig. 4 Changes of 10 uM RB absorbance at 563 nm in presence of
10 uM HSA resulting from S-naproxen (M) or S-warfarin (O) addition.
All the measurements were performed in PBS buffer 100 mM, pH 7.4 at
25.0+0.5 °C. Bars correspond to the standard error of three independent
determinations.

shown in Fig. 3 suggest a preferential association of RB to site
I, with K, = 1 x 10° M™. In addition, the quenching of intrinsic
Trp fluorescence by RB was almost linear and the Kgy obtained
was similar to the K, estimated from microfiltration experiments.*
This agreement and the linearity of the plot is compatible with a
predominant binding of this dye to site I, region where the Trp
residue is located.*

All the above results would indicate that RB predominantly
binds to site I; this is fully consistent with the affinity of this site for
large molecules bearing delocalized negative charges.*® However,
displacements of bound DS and DNSA by RB were interpreted in
terms of similar binding affinities of the dye for type I and 1T sites.*
A plausible explanation of the previous data could be a not specific
displacement of DS bound to site II, promoted by conformational
change in HSA elicited by bonding of the dye to site 1.

Predominant binding sites for MB and RB were also assessed by
docking simulations.* The results obtained are shown in Fig. 5. In
agreement with the above considerations, the docking shows that
RB s located in Sudlow’s site I (sub-domain ITA) cavity, very close
to Trp 214, while MB is associated to site II (sub-domain I1TA).
The rather large distance to the Trp 214 residue is compatible
with the smaller efficiency of the intrinsic fluorescence quenching
by this dye. A similar behaviour was described recently by Yue
et al.,** studying the binding of magniferin to HSA, and Zhang
et al., describing the specific binding of gallic acid to site I of
HSA.*

In conclusion, the binding of both dyes to HSA shows different
characteristics. In particular, the anionic RB binds strongly to
HSA (K, = 1 x 10° M), preferentially to site I. On the other
hand, binding of the cationic MB is weaker (K, = 1.5 x 10° M)
and takes place predominantly at the site I of HSA. This binding
difference could lead to different photobehaviours of the bound
dyes. With the aim of obtaining information about the effect of site
association on the photophysical behaviour of the photosensitizers
we measured their triplet lifetimes in the absence and in the
presence of different protein concentrations.
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Table 1 Summary of the data obtained for free and bound RB or MB under conditions where proteins mainly bear less than one dye molecule per HSA

Property Free RB Bound RB Free MB Bound MB

Fluorescence yield (D) 0.017 0.18 0.040 0.038

ET;, for the ground 63.1 45.6¢ 63.1 63.1

state/kcal mol™

ET;, for the singlet 63.1 43.3¢ 63.1 63.1

state/kcal mol™

Association — 1.6+£0.2 — 0.15£0.02

constant/uM™"

Efficiency of Trp — 0.71 — 0.33

fluorescence quenching by

bound molecule*

Displacement of DS — Both — DS

and/or DNSA

Displacement of RB by — warfarin — —

naproxen and/or warfarin

Triplet lifetime/ps 40+ 5.0 (Ny) 130 £ 10 (N,) 23+2.0(N,) 10+ 1.0(N,)
<2 (air)* ~25 (air)* <2 (air) <2 (air)

Triplet quantum yield (&) 0.90° 0.45£0.04¢ 0.52 0.40 £0.05

Apparent quenching 1.5+£0.1 0.1£0.07 1.3+£0.2 1.8+£0.7

constant of the triplet by

oxygen/10° M ¢!

Singlet oxygen lifetime/ s 66+3.0 68£5.0 65+£3.0 17£2.0

Apparent rate constant for 0.57 £ 0.09 b 0.60 £0.03 0.80 £ 0.06

singlet oxygen quenching

by azide/10° M~ s

Singlet oxygen rise time/us <1 ~20 <1 <l

in air equilibrated solution

Singlet oxygen quantum 0.76¢ 0.33£0.03 0.52 0.45+0.05

yield (@,)

“Ratio between the values of the association constant derived from fluorescence quenching and physical separation. * Strong downward curvature in the

Stern—Volmer plot. ¢ Data from ref. 35. ¢ Data from ref. 16.

Fig. 5 Localization of RB and MB obtained by docking modelling. The
position of the Trp 214 moiety is also indicated.

Excited state properties of MB and RB bound to HSA

Fig. 6 shows the effect of HSA addition on the decay profile of MB
and RB triplet states in N, saturated solutions. In the case of MB,

HSA addition leads to the diminution of the initial absorbance
change (A4,) measured at 420 nm associated with absorption
by *MB*.2' Furthermore, the increment of HSA concentration
produces a shortening of the apparent triplet lifetime, obtained
by exponential fitting of the triplet absorption decay, from 23 s
in buffer solution to 11 ps in the presence of 40 uM HSA (ca.
86% of bound dye). Similar results have been described previously
by Cardoso et al., using riboflavin and bovine whey protein.>* In
particular, the shorter triplet lifetime could indicate a significant
non-static intra-protein triplet deactivation. The decrease of
the triplet initial absorbance elicited by the protein addition is
probably due to static quenching and/or a decrease in the triplet
molar absorption coefficient at the measuring wavelength.

On the other hand, an increase of the lifetime of *RB* takes place
when the dye is bound to the protein, Fig. 6b.%° In this system the
triplet lifetime increases from 40 us in buffer to 130 ps under condi-
tions in which it can be considered that all the dye is bound to the
protein and multi-occupation is minimal. Interestingly, at lower
protein concentrations (<3 uM), even when most dye molecules
are bound to HSA, the apparent triplet lifetime only increases
to ca. 50 ps. Similar behaviour was observed for the singlet state
lifetime of RB, i.e. '"RB*, which increases from 120 ps to 450 ps
for RB in buffer or bound to the protein, respectively, Fig. 7. It is
interesting that also shorter singlet lifetimes are obtained at lower
protein concentrations, in spite of a predominant association to
HSA (see Fig. 5). Both sets of results can be explained in terms
of self-quenching and/or the presence of binding sites of different
affinity and micropolarity. In particular, the data can be explained
if at low (n < 1) occupancy the probes are almost exclusively
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Fig. 6 Effect of the HSA addition on RB and MB triplet lifetimes. Triplet
concentrations were evaluated by their absorption at 420 nm or 620 nm
for MB 28 uM or RB 10 uM, respectively. (a) MB triplet absorption decay
in the (1) absence or (2) presence of 18 uM HSA; (b) RB triplet absorption
decay in the (1) absence or (2) presence of 10 uM HSA. The inset in both
figures shows triplet lifetimes as a function of protein concentrations. All
measurements were performed in N,-saturated solutions.

bound to sites of high affinity and relatively low micropolarity
(site I).

On the other hand, addition of HSA (up to 50 uM) to a MB
solution (28 uM) renders only a small (<10%) diminution in
fluorescence yield, without noticeable changes in the shape and
position of the band (data not shown). These results agree with the
report of Bartlett and Indig"® who, employing BSA, a protein with
74% of homology in the amino acid chain to HSA,* found only
modest changes in the fluorescence emission at high protein: MB
ratios.

Effect of oxygen on the triplet lifetime of MB and RB incorporated
in HSA

Both RB and MB triplets are efficiently quenched by molecular
oxygen O, in aqueous solution with rate constants of 1.5x 10° M™!
s'and 1.0 x 10° M s! for RB and MB, respectively. These values
are close to the diffusion controlled limit.*® Different behaviours
were observed when MB and RB are incorporated to HSA. In
fact, O, readily quenches *MB* even in the presence HSA (30 uM)
concentrations at which most of the dye (82%) is bound to the

500 [p—r—y——y——————r————
400 - o

£
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~ @)
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a 200 |- o
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[HSA] uM

Fig. 7 Effect of HSA addition upon the excited singlet RB lifetime.
Fluorescence intensity was measured at 580 nm after laser flash lamp
excitation at 532 nm. All measurements were performed in PBS buffer
100 mM pH 7.4 with 10 pM RB.

protein. The estimated rate constant is close to that measured
in buffer solution, and therefore it could be assumed that MB
binds to a HSA region with relatively free accessibility of both
0O, and solvent molecules. In the case of RB, the quenching rate
constant of *RB* by O, was determined as k,* = 1 x 10* M s™' by
measuring the decay of the phosphorescence emission at 960 nm,
under conditions that most of the dye is bound to the protein
and n < 1, Fig. 8. This value was nearly 15 times smaller than
that measured in buffer solution, indicating that HSA reduces the
O, accessibility to the region where RB is incorporated. Similar
behaviour has been described for other compounds incorporated
to globular proteins. 35454

1,0}
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0,6

0 200 460 660 860 1000 |
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[02] uM
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»
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0,2 (N,) .
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Fig. 8 Triplet RB phosphorescence time profile measured at 960 nm of
10 uM of dye in presence of 10 uM HSA at different oxygen concentrations.
The inset shows the change of 1/7 as a function of oxygen concentration.
All measurements were performed in deuterated PBS 100 mM buffer
pD 7.4.
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Singlet oxygen generation and decay in the presence of HSA

Fig. 9 shows singlet oxygen ('O,) phosphorescence profiles at
1270 nm obtained after laser excitation of MB or RB in deuterated
buffer solutions normalized by the respective dye absorbance
value at the laser excitation wavelength. In these experiments, the
absorbance at the excitation wavelengths was between 0.3 and 0.5
for RB and 0.7 £ 0.1 for MB. For both photosensitizers in buffer
solution, the 'O, lifetime was very close to that reported in the
literature (ca. 68 us).*” However, after addition of 10 uM of HSA,
clear differences in both systems were observed.

Results obtained with MB show that the presence of HSA does
not modify either the initial 'O, phosphorescence intensity or its

Singal Intensity 1270 nm / a.u 670 nm

400

rise time, but reduces its decay time, implying a dynamic quenching
behaviour (Fig. 9a and 9c). Furthermore, similar quenching
efficiency of 'O, by sodium azide was observed in the absence and
presence of 10 uM HSA, Fig. 10a. These results indicate that 'O, is
generated in a protein environment that allows either the quencher
accessibility or the free diffusion of 'O, to the bulk solvent during
its decay time.

Results obtained employing RB as photosensitizer show no-
ticeable differences in the presence of HSA: (i) an increment of
the rise time of 'O, phosphorescence accompanied by a decrease
in the initial intensity (see Fig. 9b); (ii) the 'O, lifetime was
nearly independent on the HSA concentration and similar to that
obtained in deuterated buffer solutions; and (iii) the 'O, quenching
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[HSA] uM

Fig. 9 Photosensitized emission of singlet oxygen measured at 1270 nm after laser excitation (3 mJ) at 532 nm for 10 uM RB or (4 mJ) at 670 nm for
10 uM MB. (a) MB alone (1) or with 10 uM HSA (2); (b) RB alone (1) or with 10 uM HSA (2); (c) Stern—Volmer plot of the singlet oxygen lifetime
plotted as a function of protein concentration for MB (@) or RB (O). All measurements were performed in air-equilibrated deuterated PBS 100 mM

buffer pD 7.4.
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Fig. 10 Stern—Volmer plots of singlet oxygen lifetimes plotted as a function of sodium azide concentration. Singlet oxygen concentration was estimated
by its phosphorescence measured at 1270 nm for: (a) 10 uM MB without (O) or with 10 uM HSA (®); (b) 10 uM RB without (O) or with 10 uM HSA
(@); (c) singlet oxygen emission profiles produced by 10 uM RB in presence of 10 uM HSA without (1) or with 25 uM (2), 100 uM (3) or 2000 uM (4)
azide. All measurements were performed in deuterated PBS 100 mM buffer pD 7.4 air-equilibrated solutions.

by sodium azide renders a SV plot with a strong downward
curvature, Fig. 10b.

These results can be explained in terms of the differences in the
binding extent of both dyes to the protein. In fact, the respective
K, values allowed calculation that at 10 uM HSA ca. 66% of
MB is associated to the protein while 94% of RB is bound to
HSA. However, this difference in the free and bound dyes does not
explain either the protein or sodium azide concentration effects,
Fig. 9 or 10, respectively. These results could be rationalized if,
when RB is bound to HSA, the 'O, formation and decay are
dominated by a slower intra-protein diffusion of both ground and
singlet oxygen, due to the RB binding to the relatively buried
site I.

In order to quantitatively evaluate parameters associated to the
molecular oxygen intra-protein diffusion, kinetic profiles of 'O,

growths and decays were fitted to those expected for consecutive
pseudo-first order processes:

SRB+°0, 10, —4 30, 4 hv 3)

where k, stands for the pseudo-first order rate constant of singlet
oxygen formation (k, = kq [0,]), and k, is the rate constant of
singlet oxygen decay. The time-dependent concentration of singlet
oxygen can then be expressed according to eqn (4):3"%®

[*RB], x k

W[e p(—k.t) —exp(—k,t)] )

[loz]:f

100 | Photochem. Photobiol. Sci., 2010, 9, 93-102

This journal is © The Royal Society of Chemistry and Owner Societies 2010



where f represents the fraction of triplets that generate singlet
oxygen (0.73 from ref. 33) and it is assumed that deactivation by
oxygen is the main triplet process.

Fitting of 'O, profiles to eqn (4) renders a value of k, at a given
oxygen concentration. These fittings were performed employing
Kaleida-Graph® software. The value of kq (0.7 x 10° M™ s™')
was obtained from the slope of a k, vs. oxygen concentration plot
(inset Fig. 11). The value obtained is close to that derived from the
quenching of RB triplets bound to HSA from phosphorescence
decays (Fig. 8). Furthermore, the estimated value of &, (1.47 X
10* s7') renders an intra-protein 'O, lifetime of ca. 67 ps.

Normalized Intensity 1270 nm; a.u

time (us)

Fig. 11 Singlet oxygen emission profiles obtained after laser pulses
(3 mJ) at 532 nm of 10 pM RB in presence of 10 uM HSA at different
oxygen concentrations. The solid lines represent the signal fitting with
eqn (4). The inset shows the rise in k, as a function of dissolved oxygen
concentration. All measurements were performed in air equilibrated
solutions in deuterated PBS 100 mM buffer, pD 7.4.

The intra-protein lifetime estimated in the previous section
includes the intra-protein decay and the diffusion of a fraction
of the produced singlet oxygen to the protein periphery and/or
the external solvent where it can be quenched by azide. This
inhomogeneity in the singlet oxygen population explains the
curvature of the data given in Fig. 10a that implies a singlet
oxygen lifetime of ca. 15 ps in the presence of high azide
concentrations. This interpretation is in agreement with time-
resolved measurements obtained in the presence of azide (Fig.
10c). The data obtained for the bound dyes under conditions of
low occupancy (n < 1) are summarized in Table 1.

Conclusions

Atlow occupation numbers, RB binds strongly to HSA site I, while
MB localizes predominantly in the protein binding site II. This
different localization explains the observed differences in the dyes’
photochemical behaviour. In particular, the environment provided
by site [ is less polar and considerably more protected from oxygen.
The localization of RB in site I leads to an efficient quenching
of the intrinsic protein fluorescence (ascribed to the nearby Trp
residue) and the generation of intra-protein singlet oxygen, whose
behaviour is different from that observed in the external solvent
or when it is generated by bound MB.
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