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ABSTRACT

An analytical method was researched for the simultaneous determination of reactants and products
during the binding of important small molecules such as levodopa (LD) with biopolymers such as bovine
serum albumin (BSA). Voltammetry and fluorescence spectroscopy were used to obtain the analytical
profiles from different reactant mixtures as a function of concentration. This enabled the extraction of
the equilibrium constants (Ksy) which are reported for the first time. Voltammetric results supported
the formation of the LD-BSA complex but not that with dopamine. Further information of the LD-BSA
system was unattainable because the measured composite profiles could not be extracted.

New information was obtained when the extended data matrix was resolved by the MCR-ALS method.
The previously unavailable extracted voltammogram profile of LD-BSA complex indicated that the com-
plex was electroactive; this was unexpected if the LD-BSA system was in its folded state, and hence,
it was suggested that the protein must be unfolded. The observation that the drug:BSA stoichiometry
was 3:1, i.e. (levodopa); —BSA, supported this suggestion; these results were obtained from the MCR-ALS

extracted concentration profiles for the three reaction components.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In general, there are many examples of complex reactions
for which it is not only important to analyse the reactants but
also the products. However, it can be quite difficult to analyse
a multi-component reaction system, especially if one or more of
the reaction species are complex. Typical illustrations of such sys-
tems are the interactions of small molecules with DNA or proteins,
and it is often desirable to estimate simultaneously, the amounts
of the small molecule, the biopolymer and their complex prod-
uct. Such analytical tasks can be quite challenging, and composite
profiles of the reactants and products are collected from instru-
mental analyses. Thus, the application of the common methods of
data interpretation is often limited. However, chemometrics meth-
ods such as multivariate curve resolution-alternating least squares
(MCR-ALS) [1], have provided a potential solution to resolve the
analytical profile complexities.

It is also possible, with the use of the expanded matrix meth-
ods [2], to combine data matrices of analyte profiles derived from
different analytical methods, which are commonly based on the
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same or similar techniques e.g. HPLC-DAD measurements at two
different wavelengths [3]. In general, the results of such approaches
have indicated that the increased information in the expanded
matrix improves data analysis and subsequent interpretation of
the results. However, combination of data matrices derived from
very different analytical techniques e.g. voltammetry and some
form of spectroscopy or chromatography, which monitor different
properties of the analytes in the system, are much less com-
mon. It is this area of analysis, which is explored in the present
investigation with the use of voltammetry and fluorescence spec-
troscopy for the analyses of a drug molecule, levodopa, in the
presence of bovine serum albumin (BSA) and their complex prod-
uct.

Levodopa (LD, 3-(3,4-dihydroxyphenyl)-L-alanine), is the pre-
ferred drug for the treatment of the debilitating, well-known
Parkinson’s disease, which is caused by a deficiency of the neu-
rotransmitter, dopamine, in the brain [4]. This deficiency cannot be
readily made-up by oral administration of this drug because it can-
not penetrate the blood-brain barrier (BBB). However, LD can cross
this barrier and then be metabolized to dopamine, thus reducing
the deficiency [5]. Unfavorable physicochemical properties hin-
der the transport of several entities across the BBB and thereby
limit their utility as central nervous system (CNS) - active agents.
The micro-vessel endothelium in the brain is a barrier for the pas-
sive transport of hydrophilic substances into that organ [6]. Such
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obstacles to the CNS penetration of therapeutic agents have been
in the past circumvented by approaches that rely on the synergy of
more than one disciplines; e.g. chemistry-based (lipophilic drugs),
biology-based approaches (carrier/receptor mediated transport)
and drug delivery based (intrathecal/interstitial/olfactory - deliv-
ery)[7]. Anapproach thatencompassed covalent linkage of the drug
to a carrier that can be recognized by a specific transport protein
and hence, be transported, has found some interest in recent years.

Serum albumin (SA) is the most abundant protein in plasma,
and participates in the binding and transportation of various lig-
ands such as fatty acids, hormones, and drugs. The distribution, free
concentration, and metabolism of these ligands strongly depend on
their thermodynamic parameters and binding constants with SA
[8]. BSA is a well known protein, particularly because it is struc-
turally similar to the human serum albumin (HSA). It is a small
protein with a single polypeptide chain, which is cross-linked by
17 disulfide bonds [9]. In the presence of small ligands, BSA often
forms complexes, which apparently participate in the ligand-cell
interactions at cell surfaces [10]. However, on the whole, little is
known about the molecular mechanism by which the interaction
takes place and also about the role that LD-SA complexes play in
the uptake of the drug by the cell.

In general, the common methods used to investigate the
interaction of proteins with small molecules include: UV-vis spec-
trophotometry [11], FT-IR [12], electrochemistry [13], capillary
electrophoresis [14], HPLC [15], and NMR [16] among others; some
of these methods have been used to investigate the interaction of
small molecules with biopolymers with the aid of chemometrics
[17,18].

Vives et al. [2] investigated the interaction of some drugs
with polynucleotides at equilibrium with the use of several spec-
troscopic techniques; they applied multivariate extension of the
continuous variation and mole-ratio methods to obtain quali-
tative and quantitative information of the binding equilibrium.
Subsequently, the spectral results were resolved with the use of
MCR-ALS. Likewise, the interpretation of results from electrochem-
ical methods of analysis is significantly improved with the use of
powerful chemometrics tools, such as MCR-ALS. Gusmao et al. [19]
and Chekmeneva et al. [20] applied the MCR-ALS method to data
collected by different voltammetric techniques for the analysis of
processes involving metal complexes. The use of chemometrics in
electro-analytical chemistry is not as common as in spectroscopy,
although as recently reviewed [21], the application of these meth-
ods in electro-analysis for mathematical resolution of overlapping
signals, calibration and model identification has increased. Mul-
tidimensional instrumental signals can be readily collected with
the use of ever improving modern instrumentation, and from this
information, extension matrices may be constructed, which facili-
tate the quantitative analysis of increasingly complex samples [22].
Fluorescence spectroscopy can provide valuable qualitative and
quantitative information about the binding of ligands to serum
albumin, e.g. ligand-albumin interactions and the estimation of
binding constants, respectively [23]. In general, electrochemical
analysisis simple, easily implemented, low costing and fast; as well,
electrochemical data can contribute to the elucidation of the inter-
action of drugs with biomolecules [24], but voltammetric methods
are still less preferred for analysis. In this work, fluorescence and
electrochemistry were applied for the study of the interaction of
LD with BSA.

The objectives of this study were:

1. To research and develop analytical methodology so as to inves-
tigate the interaction of the important ligand, levodopa (and to
a lesser extent dopamine), with the common transport protein,
serum albumin, in the form of BSA.

2. To perform simultaneous analysis for the reactants mentioned
above and their LD-BSA complex product as a function of con-
centration, and to carry out this analysis with the aid of three
separate techniques, cyclic (CV) and linear sweep (LSV) voltam-
metry and fluorescence spectroscopy so as to obtain different
information about the above interaction as well as the thermo-
dynamic parameters involved.

3. To construct a combined data matrix from the fluorescence and
voltammetric measurements by means of the expanded matrix
approach, and then, to analyse this information with the use of
the MCR-ALS chemometrics method so as to resolve the over-
lapping reactant/product profiles.

4. To interpret the concentration profiles derived from the analysis
in #3 above so as to describe the progress of the interaction as
a function of concentration, and to demonstrate the possibilities
of extracting otherwise unavailable information with the use of
this multi-dimensional approach.

2. Material and methods
2.1. Instrumentation

All fluorescence spectra were measured on a Perkin-Elmer LS-
55 spectrofluorometer equipped with a thermostatic bath (Model
ZC-10, Ningbo Tianheng Instruments Factory, China) and a 1.0cm
quartz cuvette. The excitation and emission slits were set at 10 nm,
while the scanning rate was 1500 nm min~!. The FL Winlab soft-
ware (Perkin-Elmer) was used to correct the measured data.

Electrochemical measurements were carried out on a CHI-660A
electrochemical workstation (Chenhua Instrumental Company,
Shanghai). A glassy carbon working electrode (2 mm diameter) was
used; it was polished with graded 10 M alumina powder, and
rinsed with doubly distilled water prior to application. A platinum
wire auxiliary electrode and a commercial saturated Ag/AgCl ref-
erence electrode were included in the system. All measurements
were carried out at room temperature (25+0.5°C) unless stated
otherwise.

2.2. Materials

A stock solution of 3 x 103 molL-! levodopa (Sigma; purity
- not less than 99.0%) was prepared by dissolving its crys-
tals (0.0302¢g) in 50mL hydrochloric acid (pH 4.0). BSA
(2x 1073 molL~1) was prepared by dissolving 1.36 g of the puri-
fied protein (M = 68,000 Da; Bomei Biological Co. Ltd., Hefei, China)
in 10.0mL 5.0 x 102 mol L~ sodium chloride solution and stored
at4°C.To confirm the purity of the prepared BSA(2 x 10~3 mol L™ 1),
the concentration was diluted to 1.47 x 10> molL~1, and the
measured absorbance value was 0.660 at 278 nm. Based on
a reference absorbance value of 0.667 at 278nm for 1.0gL™!
(1.47 x 10> mol L-1) pure BSA [25], the purity of the prepared
BSA was 99%. All experimental solutions were adjusted with the
Tris-HCI ((hydroxy methyl) amino methane-hydrogen chloride)
buffer to pH 7.4. Other chemicals were Analytical grade reagents,
and doubly distilled water was used throughout.

2.3. Procedures

Solutions used in the fluorescence experiments were prepared
in Tris-HCl buffer (3.0 mL; pH 7.4) containing appropriate amounts
of BSA and levodopa. The total added volume (BSA and levodopa)
was less than 0.1 mL. Titrations were performed manually using
suitable micropipettes. A mixed solution was shaken thoroughly
and equilibrated for 10 min at 298 K. Fluorescence spectra were
then measured in the range of 200-550 nm at the maximum exci-
tation wavelength of 280 nm.
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Solutions used in the voltammetric experiments were pre-
pared in Tris-HCl buffer (10.0 mL; pH 7.4) containing appropriate
amounts of BSA and levodopa. The total added volume (BSA and
levodopa) was less than 0.2 mL. A given levodopa-BSA system was
stirred for 10s, and then the sample was analysed as required,
either by linear sweep voltammetry or cyclic voltammetry, over
a scanning potential range of 0.1-1.0V, and a scanning rate of
100mVs-1,

2.3.1. Fluorescence quenching study

The concentration of BSA was kept constant
(5.00 x 108 molL~1) throughout, and levodopa or dopamine,
as appropriate, was added to this solution in the range of
0.00-6.67 x 10-7 molL-! (in steps of 8.33 x 10~ molL-1). The
well-mixed solutions were allowed to stand for 10 min at 298, 301
and 304 K before spectroscopic measurements.

2.3.2. Cyclic voltammetry (CV) of levodopa samples

Concentration of levodopa was kept at 3.00 x 10~> molL~! and
the BSA solution was added at different concentrations in the range
of 0.00-8.00 x 10~ mol L~ (in steps of 1.00 x 10~ mol L-1). Each
given levodopa-BSA solution was stirred for 10s and then the CV
experiment was performed at pH 7.4.

2.3.3. Development of the expanded data matrix for MCR-ALS

Experiment 1 (voltammetric method, DLS,): The concentration
of levodopa was kept constant (3.00 x 10~ molL~1), and BSA was
added to the solution in the range of 0.00-1.80 x 10~> mol L~! (in
steps of 1.00 x 10~ molIL-1).

Experiment 2 (fluorescence method, D%D): The concentration of
levodopa was kept constant (2.00 x 10~7 molL~1), and BSA was
added to the solution in the range of 0.00-1.20 x 107 mol L~ (in
steps of 6.67 x 10~° molL~1).

Experiment 3 (voltammetric method, D3}): The concentration
of BSA was kept constant (1.00 x 10-> mol L~1), and levodopa was
added to the solution in the range of 0.00-5.4 x 10~> molL-! (in
steps 0of 3.00 x 10~ molL-1).

Experiment 4 (fluorescence method, DESA): The concentration of
BSA was kept constant (6.67 x 10-8 molL-1), and levodopa was
added to the solution in the range of 0.00-3.60 x 10~ molL~! (in
steps of 2.00 x 10-8 molL-1).

For the LSV analysis, the scanning potential range was
0.10-1.00V being sampled at every 0.01V, and the fluorescence
spectra were recorded over the 250-450.5 nm range being sampled
at every 0.5 nm, respectively.

2.4. Chemometrics method: multivariate curve
resolution-alternating least squares (MCR-ALS)

The goal of MCR is to decompose composite measured profiles
such as spectra, voltammograms or chromatograms into the dif-
ferent pure profiles for each species in a mixture. The resulting
extracted information for the pure components may be in the form
of single bands or more complex profiles. Such data can be arranged
into D (M x N) matrix with M objects and N variables e.g. wave-
length (nm) or potential (mV). The algorithm for MCR has been
previously described in detail [26], and here only a working sum-
mary is provided. The MCR decomposition of a matrix is carried out
according to the equation:

D=CS"+E (1)

where D is the matrix of the experimental data, with dimensions of
M x N. The matrix, C (M x F), describes the individual contributions
(concentration profiles) of the F species involved in the given mea-
sured profiles. The matrix, ST (F x N), is then the contribution of the
measured profiles of these F species in the N columns of the data

matrix (pure measured profiles). E (M x N) is the matrix of residu-
als, which contains the data variance unexplained by the product,
cs'.

One important and frequently used iterative approach to solve
Eq. (1) is MCR by alternating least squares (ALS). The optimization
process starts from initial guesses of C and ST, and these are then
refined to yield profiles with chemical meaning.

When the same chemical system is monitored using more than
one technique, e.g. fluorescence spectroscopy and LSV, a matrix
is constructed, which consists of row-wise and column-wise aug-
mented data, i.e. two types of information are presented. The
individual data matrices corresponding to the two types of tech-
nique and the two different mole-ratio experiments are placed
side-by-side. The related bilinear model for MCR-ALS analysis is
shown below:

P PP [sTsy STl +[Eisv Ef] 2)
DA pish T | cBsa isv Spl +1Ewsv Er

If Dr and Dy sy are the measurements for the two experiments
obtained with the two techniques, there are two matrices of con-
centration profiles, Ct° and CBSA, valid for the two sets of raw
measurements, and two row-wise augmented matrices of mea-
sured profiles, ST and S[g,,, which contain the pure profiles for the

techniques used to obtain Dr and Dy sy, respectively. Solving Eq. (2)
LD
for CCBSA and [ST S\, ], facilitates the extraction of the related

measured profiles of all the species in the system [26].
. DLD DLD

When the matrix | Y% —F,
Disy Dg

being built, the number of analyte species, F, can be obtained with
the aid of EFA (Evolving Factor Analysis) [27] or PCA (Principal Com-
ponent Analysis) or other methods based on factor analysis. The EFA
method provides an estimation of the regions or windows where
the concentration of different components is changing or evolving,
anditalso provides aninitial estimation of how these concentration
profiles change during the experiment. This method is based on the
evaluation of the magnitude of the eigenvalues associated with all
the submatrices of a matrix built up by adding successively all the
rows of the original data matrix. The calculation is performed in two
directions: forward (in the direction of the experiment) and back-
ward (in the opposite direction of the experiment), e.g. Abdollahi
and Mahdavi illustrate how concentration profiles obtained from
EFA may be used as initial estimates for the concentration matrix
input in the constrained ALS optimization [28]. PCA, an alternative
approach to EFA, is acommon chemometrics tool; it yields the num-
ber and direction of the relevant sources of variation in a bilinear
data set [29]. Once the PCs, F, are determined and an initial esti-
mate of their concentration profiles is obtained, it becomes easier
to obtain improved estimates of either the concentration values
or pure measured profiles. Constraints in ALS optimization, such
as non-negative and unimodal solutions, are implemented to facil-
itate the finding of pure or most representative contributions to
the data matrix using real variables. The resolution methods start
with initial estimates of C and work by optimizing iteratively the
concentration, while introducing the available information about
the system [29]. During the optimization, the above constraints are
applied to ensure that the final solution is chemically meaningful
[30].

However, the solutions to Eq. (1) obtained by MCR-ALS are not
unique. They can have rotational and intensity ambiguities. To solve
this limitation, column- and row-wise augmentation schemes (Eq.
(2)) can be used for simultaneous resolution. This kind of simulta-
neous data analysis is more powerful compared to that described
by Eq. (1) and allows for improved resolution of very complex

of the four data matrices is
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Fig. 1. Fluorescence emission spectra of the binary complex, levodopa-BSA.

data structures [26]. In general, this method should be useful to
overcome some uncertainties in the analysis of the data related to
coincidental processes or small signal shifts [31]. Thus, in this work,
the data matrices, DI, (experiment 1) and DP (experiment 2), and

DS (experiment 3) and DES” (experiment 4) were obtained, and

D plD
an expanded data matrix, | _¥ F,
Disy Dy

combination of two row-wise and two column-wise data matrices.
Subsequently, this was resolved by the MCR-ALS approach.

] , was constructed by the

3. Results and discussion

3.1. Analysis of fluorescence quenching mechanism of BSA by
levodopa and dopamine

BSA has two tryptophan (Trp) residues that possess intrinsic flu-
orescence: Trp-212, located within a hydrophobic binding pocket
of the protein, and Trp-134, located on the surface of the molecule.
Tryptophan emission dominates the BSA fluorescence spectrum in
the UV region. When other molecules interact with BSA, trypto-
phan fluorescence may change depending on the impact of such
interaction on the fluorophore-quencher complex [32]; this is
often manifested in the decrease of the quantum yield of fluores-
cence from the fluorophore i.e. the BSA, and can be induced by
a variety of molecular interactions with the quencher molecule.
It has been suggested that when small molecules interact with
BSA conformational changes occur in the protein’s structure. This
is attributed to changes in the intermolecular forces, which sta-
bilize the secondary structure of the protein [33]. Thus, in this
work, conformational changes of BSA were explored by measur-
ing the intrinsic fluorescence intensity of BSA before and after
addition of LD in Tris-HCl buffer (pH 7.40). In a separate sim-
ilar experiment, dopamine replaced LD. On the addition of LD
to BSA, the intensity of the main broad spectral emission band
(Amax =350nm) decreased gradually and shifted to about 344 nm
(Fig. 1). This band shift was attributed to a change in the environ-
ment around the tryptophan residues as well as to an increase in
hydrophobicity [34].

Fluorescence quenching refers to any process, which decreases
the fluorescence intensity of a sample, and quenching mechanisms
are usually classified as dynamic or static. They are distin-
guished by their different temperature and viscosity dependence;
thus, dynamic quenching depends on diffusion, and therefore,
the bio-molecular quenching constants are expected to increase
with increasing temperature. In contrast, increased tempera-
ture is likely to result in lower values of the static quenching
constants.

Table 1
Stern-Volmer quenching constants at different temperatures for the interaction of
levodopa and dopamine with BSA.

T (K) Levodopa Dopamine

Ksy (x10° Lmol~1) Ra Ksv (x10° Lmol~1) R?
298 5.80 0.998 4.63 0.999
301 5.25 0.998 4.93 0.998
304 4.67 0.998 5.30 0.997

3 Linear correlation coefficient.

For fluorescence quenching, the decrease in intensity is usually
described by the well-known Stern-Volmer equation [35]:

o _1 4 ksle) 3)

where Fy and F denote the steady-state fluorescence intensities
in the absence and in the presence of the quencher. Ksy is the
Stern-Volmer quenching constant, and [Q] is the concentration of
the quencher. The degree of fluorescence quenching as a function
of temperature when LD was added to BSA, was clearly discernable
but moderate. The values of Ksy (Table 1) decreased with increase in
temperature, which indicated that the probable quenching mecha-
nism of this interaction was initiated by the formation of a complex
rather than by dynamic collision.

Dopamine is the decaboxylated form of levodopamine and is
the key molecule for reducing the symptoms of Parkinson’s dis-
ease; hence, a similar temperature dependent experiment was
performed with this substance (Illustrator 1).

The Kgy values measured at the same temperatures as
above, for both the LD and dopamine interactions with the
BSA, are reported for the first time, and are similar in mag-
nitude (~(4.00-6.00) x 10° Lmol~'). However, for dopamine, in
contrast to LD, they increased with temperature (Table 1).
This indicated that the probable quenching mechanism of the
dopamine-BSA interaction was achieved via a dynamic collision
rather than the formation of a complex, and thus, dopamine
was unlikely to bind with the protein [36]. Dynamic quench-
ing only affects the excited states of the fluorophores and no
changes in the absorption spectra are expected. Structural changes
due to complex formation may be investigated by UV-vis spec-
troscopy [37], and thus, UV-vis absorption spectra of BSA in the
range of 200-400 nm collected in the absence and presence of
dopamine should be quite similar if no significant drug-protein
binding occurs. Spectra of BSA (2.5 x 10~ molL-!), dopamine
(2.5 x 1076 molL-1), and their mixture (2.5 x 10~ molL-1) in pH
7.4 buffer were collected; their difference spectrum i.e. spectrum
(mixture dopamine/BSA-dopamine) should approximately resem-
ble the spectrum (BSA). The observed result showed that the
difference spectrum was actually quite similar to that of the BSA.
This result supported the conclusions from the Ksy estimates above,
and suggested a reason why dopamine cannot penetrate the BBB
i.e. the common BSA-drug transport pathway is unavailable to it.
Being the most delicate organ of the body, the brain is protected
against potentially toxic substances by the BBB, which restricts the
entry of most pharmaceuticals into the brain. The developmental
process for new drugs for the treatment of CNS disorders has not
kept pace with progress in molecular neurosciences because most
of the new drugs discovered are unable to cross the BBB. The clini-
cal failure of CNS drug delivery may be attributed largely to a lack
of appropriate drug delivery systems [38]. LD, the standard for the
treatment of Parkinson’s disease, enters CNS via the large neutral
amino acid transporters at BBB and is enzymatically cleaved in the
brain to release dopamine [39].
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Fig. 2. Cyclic voltammograms of mixtures of levodopa with different concentrations
of BSA. [levodopa] =3.00 x 10> mol L', [BSA] added at different concentrations,
range =0.00-8.00 x 10~ mol L' (in steps of 1.00 x 10~ mol L-1).

3.2. Electrochemical behaviour of levodopa

Cyclic voltammograms of LD - an electrochemically active phe-
nolic compound with two hydroxy and an amino group in its
molecular structure, showed that LD has an oxidation peak at
330 mV (Fig. 2, curve 1) but only a very shallow reduction peak with
its minimum at about 770 mV was observed; its better resolved
wings appeared to be at about 230 mV (curve 1, Fig. 2). Since there
was no evidence for a significant reduction process, it was con-
cluded that the reaction at the electrode was irreversible. From
the CV voltammogram (curve 1 in Fig. 2) of the LD at the glassy
carbon electrode, the Ep and Ep1/2) values were 330 and 275mV,
respectively. When irreversible oxidation occurs at an electrode, at
Ep12), the corresponding current, i, is given by (ig/2), and at 25°C,
|Ep — Ep(1/2)| =47.7|an [40], where n is the electron transfer number,
and « of an irreversible electrode process is generally assumed to
be 0.5 [41]. Thus, n was calculated to be 1.74 i.e. ~2. The oxidation
reaction of LD at the surface of a glassy carbon electrode could then
be described as in [42] (Illustrator 2).

BSA did not exhibit any observable peak at a glassy carbon elec-
trode at pH 7.4; this pH was higher than the isoelectric point of BSA
(pH 4.8) [43].

When BSA was added to the LD solution, the oxidation peak
shifted towards higher potentials and a decreasing oxidation cur-
rent was observed. This shift may be attributed to the changes of
the molecular environment around the LD molecule as a result of
its interaction with BSA [44]. This observation is consistent with
the view that the LD-BSA interaction occurred between the most
hydrophobic segment of the LD molecule [45] and the hydrophobic
region of the BSA cavity.

3.3. Linear sweep voltammetry and fluorescence investigations of
the LD-BSA system

The linear sweep voltammograms of LD/BSA mixtures in a
Tris—HCI (pH 7.4) buffer solution collected at a glassy carbon elec-
trode, indicated that the anodic peak current decreased continually
and the peak potential shifted to more positive values with the
addition of BSA (curves 1-19, Fig. 3A). The peak current from this
LD reaction did not disappear completely with the increase of the
BSA concentration; this is unexpected if a competitive adsorption
occurred at the electrode. It has been observed, that when an inter-
action of some biopolymers such as hemoglobin, albumin and DNA
with small molecules takes place at quite a low protein concentra-
tions and a short accumulation time, only about 10% of the electrode
surface may be covered; this implies that very little competitive
adsorption of small molecules can occur [46]. The decrease in peak
current without any changes in the electrochemical parameters
suggested the formation of an electroinactive LD-BSA complex
because LD becomes embedded within the BSA structure, which
results in the decrease of the equilibrium concentration of LD in
solution. However, there is another possible explanation for these
observations, and it involves the possible unfolding of the BSA pro-
tein as the concentration of the ligand increases. As a result, the
protein structure unravels, and this provides pathways for ligands
to access the tryptophan or tyrosine residues, which then can be
oxidized at the glassy carbon electrode (Scheme 1) [47].

Unfold BSA

Scheme 1. Effect of the levodopa ligand on the tryptophan environment in protein.
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When BSA was continually added to the LD, no change in
peak current and peak potential was observed until a ratio of
[LD]:[BSA]=3:1 (curve 11; Fig. 3A). This indicated that the LD-BSA
reaction approached equilibrium.

The fluorescence emission spectra of LD in the presence of BSA
at various concentrations (Fig. 3B; experiment 2, Section 2.3.3)
showed that with continuing addition of BSA, the emission peak
of LD (Amax = 325 nm; curve 1) was effectively subsumed by subse-
quent spectra (curve 2 onwards); a new emission peak developed
at 350 nm, which was assigned to BSA. The fluorescence inten-
sity of this broad band increased proportionately, but no further
information could be obtained from these overlapping spectra.

Typical linear sweep voltammograms of  BSA
(1.00 x 10> molL-1) in the presence of increasing concentra-
tions of LD (Fig. 3C) supported the previous observations that BSA
was electro-inactive at a glassy carbon electrode (curve 1) [48],
but the peak current increased with the increase in concentration
of the LD ligand (Fig. 3C). There was also a possible positive peak
shift developing as well. With these observations, there was little
strong evidence to suggest the formation of an LD-BSA complex,
and consequently, it appeared that the increase in peak current
was due mostly to the presence of free LD. Another possible
explanation could be that the nature of the structural changes
induced in BSA during its interaction with LD [47] resulted in
the unfolding or denaturation of the protein; this facilitated easy
access to the tryptophan and tyrosine residues for oxidation. The
oxidation peak of the free LD and that of the tryptophan/tyrosine
residues of LD-BSA complex overlap, and the recorded profile was
the sum of these two phenomena, which increased together with
the addition of LD.

Fluorescence of BSA originates from tryptophan, tyrosine
and phenylalanine residues, where the source of the intrinsic

fluorescence of BSA is mainly from the tryptophan residue alone.
Emission fluorescence spectra of BSA in the presence of various
concentrations of LD (Fig. 3D; experiment 4, Section 2.3.3) showed
that the fluorescence intensity of BSA at 350 nm decreased steadily
with the increasing concentration of the added LD ligand. However,
at a ratio, 1 p.gsa, of about 3:1 (curve 11), this decrease effectively
ceased, and a band peak at 335 nm became readily apparent; this
was assigned to the free LD. In addition, an isoactinic point formed
at 340 nm, which indicated an equilibrium between the free LD and
the LD-BSA complex. The slight blue shift which became appar-
ent could be ascribed to the effects of the intermolecular forces
involved in maintaining the secondary structure of BSA; this could
be slightly affected as a result of conformational changes in trypto-
phan and tyrosine micro-regions caused by interaction of LD with
BSA.

Further discussion of the LD/BSA interaction on the basis of
direct observations of the measured profiles was difficult because of
band overlaps in the fluorescence spectra, and multivariate analy-
sis previously discussed was applied to extract further information,
especially as function of concentration of the LD and BSA reactants.

3.4. Fluorescence quantum yield for the system

The fluorescence quantum yield, &, is a direct indication of
the conversion efficiency of the absorbed photons into emit-
ted photons. The @, for the ligand, levodopa, and the complex,
(levodopa)s;-BSA, were determined with the use of the reference,
quinine sulfate (@ =0.546 in 1.0mol L~ sulfuric acid) [49]; calcu-
lations of the @ values are well established [50], and they were
found to be 0.059 and 0.064 for levodopa, and (levodopa);-BSA,
respectively. The fluorescence quantum yield of BSA at maximum
excitation wavelength 280 nm was measured to be 0.130 [51]. The
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Fig. 4. Application of MCR-ALS: (A) and (B) Extracted concentration profiles; (C) and (D) measured (full curves) and extracted (dashed curves) voltammograms and
fluorescence spectra of different species in the levodopa-BSA systems, obtained from the four experiments 1-4 (Section 2.3.3).

difference between the values of @ (BSA) and @ ((levodopa);-BSA)
may be explained by the collisional quenching, which occurs when
the BSA (excited state) in solution is deactivated on contact with
levodopa.

3.5. Interpretation of the MCR-ALS results

As previously discussed in detail (Section 2.4), the fluorescence
and the voltammetric profile matrices were combined into an
) p!>  plp

expanded data matrix, { LY A
Digy D

simultaneous resolution by the MCR-ALS method. The intention

was to extract information regarding: (i) any drug-BSA complex,
(ii) the relative concentrations of the various reacting species, and
(iii) any effects of the ligands on the protein’s sub-structure. Thus,
after the construction of the expanded data matrix, the number of
factors, i.e. the chemical species, was estimated with the use of the
EFA procedure. EFA was basically designed to work with full rank
two-way data sets and straightforward analysis of rank-deficient
matrix does not provide useful information. To overcome this lim-
itation, De Juan et al. [52] have recently proposed an evolution of
the original algorithm. This new approach is based on a two-step
strategy. First, rotational ambiguity is eliminated by matrix aug-

, which was submitted for

. ~[p p] .
mentation. The augmented data matrix, | Y% K, |, is formed
Disy Dr

by column-wise and row-wise augmented data set. Then, EFA is
applied to the unfolded full rank augmented data set eventually
providing information about contributions that are otherwise hid-
den. PCA was also employed to select the appropriate number of
components to describe the two systems, and it was found that
the first three PCs explained 99.9% of the total data variance in the

DLD DLD
combined matrix | Y% —F, | [53]. Thus, both the EFA and PCA
Disy D

methods estimate the same number of factors or chemical species
involved, namely, the free BSA, free LD and ligand-BSA complex
[29]. Also, the required initial estimates of the concentration pro-
files for these three postulated species were obtained from the
EFA results, and were used to start the MCR-ALS data processing.
The concentration calculations were optimized with modeling con-
straints: (i) the results were to be positive or zero, and (ii) only
unimodal profiles were to be extracted. Also, as the total concen-
trations of LD and BSA were known in the experiments, they were
included as closure constraints for the concentration profiles. The
closure constraint is applied to closed reaction systems, where the
principle of mass balance is fulfilled. With this constraint, the sum
of the concentrations or fractions of all of the species involved in
the reaction or mixture (the suitable elements in the C matrix) is
forced to be equal to a constant value (the total concentration or
fractions) at each stage in the reaction or in the mixture. The lack
of fit [54], which is defined as the difference between the input
data, D, and the data reproduced from the CST product obtained by
MCR-ALS, was used as a parameter to evaluate the goodness of fit
of the model according to the following expression:

lack of fit (%) = 100

where d;; is an element in the raw data and e;; is the correspond-
ing residual after the model variation is removed. In this work,
the lack of fit value was found to be 7.43%. This, in quantitative
terms, implies that almost all of the variability in the experimen-
tal data, presented as a product of the extracted spectra and the
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concentration profiles, is explained. However, this fit parameter
provides an overall measure of the residual.

The experiments were based on the mole - ratio model and
the concentration profiles (C'P and CBSA) were extracted by the
MCR-ALS method (Fig. 4A and B; experiments 1-2 in Section
2.3.3), respectively. They showed that: (i) with the mole-ratio
method, the concentration of the LD-BSA intercalation com-
plex increased sharply and reached equilibrium when the ratio,
resa:Lp ~ 0.3 (Fig. 4A); (ii) the concentration of the intercalation
complex increased slowly to 1 p.gsa ~ 3, and approached the equi-
librium position as the concentration of LD increased (Fig. 4B).
Thus, these results indicated that at equilibrium a 3:1 LD-BSA, i.e.
LD3;-BSA complex forms.

The pure voltammetric and spectral profiles extracted by the
application of the MCR-ALS method provided new qualitative
information about the nature of the complex. The measured (full
curves) and extracted (dashed curves) pure spectral and voltam-
metric profiles of LD agreed reasonably well (Fig. 4C and D; blue full
and dashed curves); likewise, the fluorescence spectra of BSA were
in good agreement. The extracted fluorescence spectrum (Fig. 4D
dashed red line) of the LD-BSA complex was obtained for the first
time, and was the first such spectral representation of the LD-BSA
complex. Not surprisingly, its peak maximum fell between the LD
and BSA bands at A =346 nm. The unique application of this band
has already been demonstrated in the discussions of Fig. 4A and B
above.

The extraction of the voltammetric profiles and their reasonable
agreement with the measured data indicated that the MCR-ALS
method was applied successfully (Fig. 4C). The BSA measured curve
suggested that the protein in its original structural format was elec-
troinactive, and the extracted profile approximated this profile-no
obvious extracted bands were evident. However, the LD-BSA curve,
unlike that for the BSA, indicated the presence of electroactive
species; it had a peak potential maximum at about 0.58 V (see the
arrow in Fig. 4C). To achieve this result for the reaction occurring at
the electrode’s surface, it is necessary for the potentially oxidizable
tryptophan and tyrosine side chain residues to be accessible. This
would be facilitated somewhat by an unfolded rather than the orig-
inally folded structure of the BSA protein. This has been previously
discussed (Section 3.4), but with the original measurements, it was
impossible to decide exactly what was happening. Now given the
nature of the LD-BSA extracted voltammogram (Fig. 4C), it seemed
reasonable to suggest that the binding of the three LD molecules
facilitated the unfolding of the BSA structure (Scheme 1). It has
been suggested that such an unfolding process can be used as a
marker for conformational changes in this protein [47].

4. Conclusion

An analytical method was researched and developed for the
detailed, simultaneous determination of reactants and products
during the binding of important small molecules such as LD (or
dopamine) with biopolymers such as BSA. Voltammetric and fluo-
rescence spectroscopy methodology produced measured profiles
from different reactant mixtures as a function of concentration.
These results enabled the extraction of the equilibrium constants,
Ksy, at different temperatures, which are reported for the first time;
voltammetric results supported the formation of the LD-BSA com-
plex but not that with dopamine, which suggested that this drug
would be difficult to transport in a biological environment. Deeper
interpretation of the LD-BSA system was precluded because the
measured composite profiles could not be resolved.

New information resulted, when the extended data matrix was
resolved by the MCR-ALS method. The extracted concentration
profiles indicated that the drug:BSA stoichiometry was 3:1, i.e.

LD3-BSA. Significantly, the novel, extracted voltammogram profile
of the LD-BSA complex showed that the complex was electroactive,
which was unexpected if the LD ligand was embedded in the natu-
ral folded state of the BSA protein. Consequently, it is suggested that
the protein with the three LD ligands was unfolded at the electrode.

This analytical approach could be just as revealing with sim-
ilar complex reaction systems and is recommended for such
applications.
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