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It has been reported that various metal coordination compounds have improved some biological proper-
ties. A high activity of acid phosphatase (AcP) is associated to several diseases (osteoporosis, Alzheimer’s,
prostate cancer, among others) and makes it a target for the development of new potential inhibitors.
Anti-thyroid agents have disadvantageous side effects and the scarcity of medicines in this area moti-
vated many researchers to synthesize new ones. Several copper(II) complexes have shown antifungal
activities. In this work we presented for a first time the inhibition of AcP and the anti-thyroid activity pro-
duced by methimazole–Cu(II) complexes. Cu–Met ([Cu(MeimzH)2(H2O)2](NO3)2�H2O) produces a weak
inhibition action while Cu–Met–phen ([Cu(MeimzH)2(phen)(H2O)2]Cl2) shows a strong inhibition effect
(IC50 = 300 lM) being more effective than the reported behavior of vanadium complexes. Cu–Met–phen
also presented a fairly good anti-thyroid activity with a formation constant value, Kc = 1.02 � 1010 M�1

being 106 times more active than methimazole (Kc = 4.16 � 104 M�1) in opposition to Cu–Met which pre-
sented activity (Kc = 9.54 � 103 M�1) but in a lesser extent than that of the free ligand. None of the com-
plexes show antifungal activity except Cu–phen (MIC = 11.71 lg mL�1 on Candida albicans) which was
tested for comparison. Besides, albumin interaction experiments denoted high affinity toward the com-
plexes and the calculated binding constants indicate reversible binding to the protein.

� 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

In recent years, the study of enzyme inhibition mediated by
coordination metal compounds has significantly increased as a
consequence of the development of the applications of these com-
pounds in medicine. A variety of metal complexes have been stud-
ied for this purpose including, complexes of Au(I), Pt(II), V(IV)O
[1,2] and Cu(II) [3]. Recently, it has been demonstrated that cop-
per(II) complexes acted as inhibitors of the protein tyrosine phos-
phatase (PTP) [4] and the alkaline phosphatase (ALP) enzyme [5,6].

On the other hand, purples acid phosphatases (PAP) are metal-
loenzymes found in animals, plants and fungi. These phosphatases
have a binuclear structure with two different metal centers for the
catalytic reaction of the hydrolysis of phosphate esters and anhy-
drides under acidic conditions (one is Fe(III) and the second one
could be Fe(II) (in mammals) [7], or Zn(II) or Mn(II) (in plants)
[8]). Basically, the structure and the mechanism of action are sim-
ilar to that of alkaline phosphatase (ALP) and the difference would
be the presence of a serine (Ser) amino acid residue [9] whereas in
PAP a histidine (His) residue is present. Different biological roles
have been proposed for PAP (iron transport during gestation, bone
resorption in osteoclasts, catalysis of Fenton’s reaction, etc) [10]
and its elevated levels in serum are correlated with the progression
of osteoporosis (bone metastases), Guacher and Alzheimer’s dis-
eases, hyperparathyroidism and prostate cancer, among others
[11–13]. The activity of phosphatase acid could be inhibited by cer-
tain metal ions such as Hg(II), Cr(VI), Bi(III) [14], Cd (II) [15], some
oxo-anions as HAsO4

�2, WO4
�2 and MoO4

�2 [16], some organic
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Fig. 1. Chemical structure of methimazole.
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compounds [17] but there is not sufficient evidence in the litera-
ture concerning to the inhibitory tests performed with coordina-
tion compounds and we only found some studies for vanadium
compounds [18]. Taking into account that high levels of this
enzyme are associated with numerous diseases it turns out to be
a good target for the development of new potential inhibitors.

In addition to the possibility of enzymatic inhibition, it is well
known that methimazole (Fig. 1) is an anti-thyroid agent which
most important effect is the inhibition of the thyroid hormone syn-
thesis by interfering with thyroid peroxidase-mediated iodination
of tyrosine residues in thyroglobulin (an important step in the syn-
thesis of thyroxine and triiodothyronine). Disadvantageous side
effects related with the drugs have been detected during the past
years [19] inspiring researchers to synthesize new anti-thyroid
agents with lesser side effects. However, no studies were found
concerning the anti-thyroid effects of metal complexes. In conse-
quence we decide to simulate in vitro the action of the present cop-
per(II)-methimazole complexes as anti-thyroid drugs [20,21].

In recent years coordination complexes have been studied
because of their potential biological applications. It has been
revealed in many cases, an improvement of the activity. For this
reason, we presented in this work, for a first time, the inhibition
acid phosphatase studies and anti-tyroid activity of methimazole
copper complexes. We also determined its antifungal and the albu-
min transport abilities. As it is known, serum albumin is the major
transporter protein for unesterified fatty acids and also is capable to
bind an extraordinarily diverse range of metabolites, drugs, dyes and
organic compounds. Because the metabolism, distribution and effi-
cacy of many drugs in the body are associated with their affinities
towards serum albumin, the analysis of compounds with respect
to albumin binding ability becomes a relevant item to analyze.
2. Materials and methods

2.1. Reagents and instrumentation

All chemicals were of analytical grade. Bovine Serum Albumin
BSA (A-6003, essentially fatty acid-free) and acid phosphatase
AcP (from potato, 0.8 U/mg, Deisenhofen, product number P-
3752) were obtained from Sigma Chemical Company (St. Louis,
MO) and used as supplied. Copper(II) nitrate trihydrate and
Copper(II) chloride dihydrate were obtained from Merck. Methim-
azole, 1,10-phenanthroline monohydrate, para-nitrophenyl phos-
phate (p-NPP) and all the other analytical grade chemicals used
were purchased from Sigma. Methimazol (MeimzH)–copper(II)
complexes ([Cu(MeimzH)2(H2O)2](NO3)2�H2O (Cu–Met) and
[Cu(MeimzH)2(phen)(H2O)2]Cl2 (Cu–Met–phen) and [Cu(phen)2-
Cl]Cl�H2O (Cu–phen) were prepared and purified according to
published procedures [5,6].
2.2. Acid phosphatase inhibition test

Acid phosphatase inhibition test was performed according to
Blum and Schwedt procedures [14]. Acetate buffer was prepared
by dissolving a volume of 5.72 mL of concentrated acetic acid in
distilled water (final volume of 250 mL) adjusting the pH to 5.60
with 0.5 M NaOH. The stock solution of the enzyme was made by
mixing 12.5 mg of the 0.25 U/mL acid phosphatase powder in
2.0 ml acetate buffer. For use, 100 lL of the stock solution was
diluted with 1.9 mL acetate buffer. For the substrate solution
0.170 g of p-NPP were dissolved in 2.5 mL distilled water.

2.2.1. Test procedure
The compounds solutions were prepared by diluting the stock

solutions prepared in DMSO with acetate buffer. A volume of
0.50 mL of complex solution was mixed with 0.10 mL of the
enzyme solution and 1.00 mL of buffer. The mixture was kept at
25 �C for 20 min (incubation time). After starting the reaction by
adding 0.10 mL of the substrate solution, the tube was kept at
25 �C for 20 min. The reaction was stopped with the addition of
0.50 mL of a 0.5 M sodium hydroxide solution. The final concentra-
tion of DMSO resulted in 1.14%. The enzymatic activity was finally
calculated by measuring the absorbance of 4-nitrophenolate at
405 nm against a blank prepared without the enzyme. Three inde-
pendent replicates of each point were measured. The 100% of the
enzyme activity is assigned to a basal measurement containing
all the reaction media including the same volume of DMSO in all
the experiments. It is worthy to mention that the presence of
1.14% DMSO did not affect the enzyme activity.

2.3. Anti-thyroid activity

Iodine was obtained from Merck. It was bisublimed and was
kept in dark in a desiccator containing P2O5. Solvents used were
bidistilled water and ethanol. Solutions of iodine and methimazole,
o-phenanthroline, Cu–Met and Cu–Met–phen were prepared just
before the beginning of experimentation. Stock solutions: iodine
was always dissolved in ethanol while the compounds were dis-
solved in water. Iodine concentration was kept constant
(4 � 10�4 M), though the concentration of the compounds was var-
ied between 7 � 10�4 and 0.5 � 10�4 M. The reaction was carried
out directly in the spectrophotometric cell by mixing 1.5 mL of
each of compound (donor) and iodine (acceptor). Spectra were
recorded immediately on double beam UV–visible spectrophotom-
eter. The temperature of the solutions was kept at 250 ± 1 �C during
the measurements. Three independent replicates of each solution
were measured. Formation constant (Kc) and the molar extinction
coefficient were determined using Lang’s method [22]. This
method has been used to determine the formation constants of
1:1 stoichiometric complexes at the wavelength under analysis
using Eq. (1):

½A0�½D0�=dc ¼ ð½A0� þ ½D0� � dc=ecÞ=ec þ 1=Kcec ð1Þ

in which, dc is the absorbance, ec is the molar extinction coefficient
and Kc is the formation constant of the complex. The Parameters
were adjusted with a program designed by our research group.

Eq. (1) can be re-written in the form:

Y ¼ ð1=ecÞX þ 1=Kcec ð2Þ

where Y = [A0][D0]/dc and X = [A0] + [D0] � dc/ec.
From Eq. (2) a straight line with slope 1/ec and Y-intercept 1/

(Kcec) was obtained. Iteration and linear regression method were
used to solve this equation.

2.4. Antifungal activity and post-antifungal effect (PAFE)

Antifungal activity was evaluated by the determination of the
lowest concentration of the antimicrobial agent that inhibits the
growth of fungus (minimum inhibitory concentration (MIC)) on
three strains: Candida parapsilosis ATCC 22019, Candida tropicalis
and Candida albicans of clinical isolates. The procedure was
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performed according to our previous reported techniques [23]. In
these experiments aqueous solutions of the metal salt (CuCl2�2H2-
O) and the ligands were prepared and the Cu(II) complexes were
dissolved in DMSO. An agar plate without anti fungus agent and
containing the same volume of DMSO was established as a sterility
and organism growth controls. It could be established that in our
experimental conditions the bacterial strains were not affected
by small aliquots of DMSO added to the cultures (the final concen-
tration of DMSO resulted in 1.14%).

The post-antifungal effect (PAFE) is the time in which the anti-
fungal agent was capable of causing growth suppression of the
organism following limited tested agents’ exposure [23]. In this
study, the PAFEs were determined after the exposure of the fungal
strains at twice the MIC (2 �MIC) value of phen and the complex
Cu–phen, both dissolved in water and sterilized by filtration, for
1 h at 37 �C. The point at which microbial growth occurred was
measured using a spectrophotometric method. Each PAFE mea-
surement was carried out in triplicate. Details of the experimental
procedure can be found in previous communications [23].

2.5. Interaction of the metal complex with bovine serum albumin

2.5.1. Binding affinity by fluorescence spectroscopy
BSA was dissolved in Tris–HCl (0.1 M, pH 7.4) buffer to attain a

final concentration of 4% w/v (�0.6 mM). Phen, Cu–phen and Cu–
Met–phen solutions were added dropwise to the 2% w/v BSA solu-
tion (�0.3 mM) to ensure the formation of a homogeneous solution
and to obtain the desired concentration of 0.05–0.50 mM. Adequate
solubility was reached under these experimental conditions in
which the compounds did not show any fluorescence intensity that
could interfere with the measurements. For each sample and con-
centration, three independent replicates were performed. These
solutions were used for fluorescence measurements, which were
carried out on a Perkin–Elmer LS-50B luminescence spectrometer
(Beaconsfield, England) equipped with a pulsed xenon lamp (half
peak height < 10 l s, 60 Hz), an R928 photomultiplier tube and a
computer working with FL Winlab software. Both excitation and
emission slits were set at 5 nm throughout this study. BSA 2% w/v
was titrated by successive additions of phen, Cu–phen and Cu–
Met–phen solutions from 0.05 to 0.50 mM and the fluorescence
intensity was measured (excitation at 280 nm and emission at
348 nm) at 25 �C. All the fluorescence quenching data were ana-
lyzed according to previous studies performed in our laboratory
applying the well-known Stern–Volmer equation and others tradi-
tional mathematical procedures [24,25] were applied to obtain
the Stern–Volmer quenching constant and the binding constant
(Ka) and the binding site value (n).

2.5.2. Conformation changes on protein structure after interaction
with the metal complex: investigation by UV–vis and vibrational
spectroscopies

FT-IR spectra of the freeze-dried powdered samples were mea-
sured with a Bruker IFS 66 FT-IR-spectrophotometer from 4000 to
400 cm�1 in the form of pressed KBr pellets. For data processing,
spectra of the buffer were collected under the same conditions.
Then, the spectrum of the buffer was subtracted from those of
the samples to get the FT-IR spectra of the modified proteins. Ther-
moscientific DXR Smart Raman instrument equipped with CCD
detector at a resolution between 2.7 and 4.2 cm�1 with a grating
groove density of 900 lines/mm was used. Spectra were recorded
at room temperature with a laser power of 500 mW, and a spectral
resolution of 6 cm�1. Each spectrum was obtained after collecting
and averaging 1000 scans in order to obtain spectra with high sig-
nal-to-noise ratio. FT-Raman spectra were plotted as intensity
(arbitrary units) against Raman shift in wavenumber units
(cm�1). All spectra were vector normalized in the whole range
(4000–500 cm�1). In order to improve signal-to-noise ratio in FTIR
and Raman spectra, Tris–HCl buffer, BSA solutions and phen, Cu–
phen and Cu–Met–phen solutions were lyophilized. Solutions were
prepared in the same experimental conditions as fluorescence
spectroscopy studies. As with other proteins, particularly globu-
lins, FT-Raman spectra of protein solutions and freeze-dried pow-
ders are almost identical, therefore, freeze drying does not affect
protein conformation. This behavior was taken into account during
the experimental procedure. The plotting, processing, normaliza-
tions, manipulations, and evaluation of FT-IR and Raman spectra
(band intensities, baseline corrections, normalization, derivation,
curve fitting and area calculation) were carried out by means of
Grams/32 (Galactic Industries Corporation, USA) software, OPUS
3.1 (Bruker Optics, Germany) and Perkin-Elmer software. Determi-
nation of intensity values for the typical tyrosine doublet and
determination of secondary structure of BSA for the samples con-
taining phen, Cu–phen and Cu–Met–phen solutions in BSA were
carried out on the basis of the preceding described procedure
[24] and according to that described by Byler and Susi [26]. All
analyses were performed in three independent experiments, and
the results were reported as averages of these replicates. A Bruker
ESP300 spectrometer operating at X and Q-bands, and equipped
with standard Oxford low temperature devices was used to record
the EPR spectra of the compounds at different temperatures. The
magnetic field was measured with a Bruker BNM 200 gaussmeter,
and the frequency inside the cavity was determined by using a
Hewlett–Packard 5352B microwave frequency counter. Aniso-
tropic X-band EPR spectra of frozen solutions were recorded at
140 K, after addition of 10% ethylene glycol to ensure good glass
formation. A computer simulation of the EPR spectra was per-
formed using SimFonia software [5]. The concentration ratios were
the same than those used in the fluorescence measurements.

The solutions (0.50 mM of the compounds: 2% w/v BSA) were also
assayed by UV–vis electronic spectroscopy. Electronic absorption
spectra were recorded with a Hewlett–Packard 8453 diode-array
spectrophotometer, using 1 cm quartz cells in the 200–800 nm
range. Buffer solutions were placed in the reference compartment.
Three independent replicates of BSA solution and the corresponding
complexes were measured.

3. Results and discussion

3.1. Acid phosphatase inhibiton test

Nowadays, enzyme inhibition through metal coordination
action has widely reported associated to several pathologies
[1,3]. For instance, vanadium coordination compounds are well
recognized as phosphatase inhibitors [2] as well as their behavior
as potent catalyst. Related to copper(II) complexes there are some
studies associated to the inhibition of topoisomerase II catalytic
activity [27]. Metal based complexes as inhibitors of PTP (protein
tyrosine phosphatases) are also documented including copper(II)
compounds [2]. Among a few examples found in the literature
[28], in our ongoing search for new metal-based chemotherapeutic
agents we began to study the inhibition on ALP provoked by cop-
per(II) complexes [2]. But there are no so much examples related
to metal(II) coordination compounds inhibiting AcP [18]. For this
reason and the above mentioned seems to be the great interest
to measure this effect for copper(II) complexes.

In order to evaluate the inhibition availability of the copper(II)
ternary complex, free ligands (methimazole and phenanthroline)
and binary complexes as Cu–phen and Cu–Met were also assessed.
On the contrary to that observed on ALP, none of the free ligands
presented inhibitory effect on AcP. In a previous work we demon-
strated that methimazole behaved as a moderate inhibitor [5]. On
the other hand, the chelating effect of phenanthroline producing
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Fig. 3. Schematic representation of the formation of L-triiodothyronine (T3) and
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Table 1
Formation constant (Kc) of iodine charge transfer complexes.

Compound Kc (M�1) Solvent Refs.

Methimazole 23,194 CCl4 [33,35]
27,096 CCl4 [33]
26,805 CCl4 This work
106,905 CH2Cl2 [35]
41556.5 H2O:CH3–CH2OH (1:1) This work

Cu–Met 9538 H2O:CH3–CH2OH (1:1) This work
Cu–Met–phen 1.02 � 1010 H2O:CH3–CH2OH (1:1) This work
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inhibition by the removal of Zn(II) from the ALP enzyme is well
known [29].

In Fig. 2 the effects of copper(II) complexes on the AcP activity
can be observed. As it can be seen, Cu–phen has not effect while
Cu–Met produces a weak inhibition process that reaches a maxi-
mum of approximately a 20 percent of inhibition at a concentration
of 500 lM. Surprisingly, the complexation of Cu(II) with both
ligands in the Cu–Met–phen complex, clearly produces a metal-
drug synergic behavior improving the inhibitory ability on AcP. At
a concentration of 300 lM (0.163 mg/L), the complex inhibited a
50 percent the enzyme activity (IC50 value) being more effective
than the vanadium complexes (Concentration ratio of 1 enzyme
to 1000 complex exhibited some degree of inhibition) [18] and than
the Cu(II) ion which presented inhibition at 0.7–100 mg/L concen-
tration [14]. Up to now, for a first time the inhibition on AcP has
been tested for a Cu(II) coordination complex and the inhibitory
effect found for the enzymatic activity resulted in a great and
potential field of applications for this new compound.

3.2. Anti-thyroid activity

A variety of oxygen, nitrogen and sulfur containing molecules
having electron-donating groups in their chemical structure may
have anti-thyroid activity [30]. This effect can be produced by: (i)
complexation of molecular iodine in the thyroid gland, and (ii)
through the inhibition of thyroid peroxidase enzyme (TPO). Both,
iodine and TPO are involved in the synthesis of thyroid hormones
(Fig. 3), iodine ion is oxidized by peroxidase to give iodonium ion,
which iodinates tyrosine. The coupling reaction of L-mono-iodoty-
rosine (MIT) with L-di-iodo-tyrosine (DIT) affords L-tri-iodo-thyro-
nine (T3) and L-tetra-iodothyronine or thyroxine (T4). Related to
complexation with molecular iodine, it has been well established
that iodine yields 1:1 molecular complexes with a variety of com-
pounds [31]. In this context, methimazole was studied for several
authors because of the interest in the study of thyroid diseases.
The charge-transfer complex formation between methimazole
and iodine in CH2Cl2 was studied by Freeman et al. [32] in CCl4

forming a solid complex, Raby et al. [33] (Kc = 23.194 M�1, 20 �C)
and by Rousseau et al. [34] (Kc = 23.194 M�1) (Table 1). In addition
to the formation of stable transfer complexes with S-donor mole-
cules, it has also been proven that complexation might occur at
the nitrogen atoms of molecules containing purine ring group
[22]. In our complexes the thioamide group is blocked due to
metal-coordination but the ligand presented a free NH group and
this is the reason that we decided to test the anti-thyroid activities
of the coordination complexes [5,6].

The charge–transfer complex formation can be easily detected
by the appearance of a new band, the charge transfer (CT) band,
which increases in intensity with the concentration of the complex
or it can also be detected by the hypsochromic shift of the iodine
band [30]. In our experimental conditions a blue shift of the free
iodine band together with a remarkable increment in the intensity,
is observed for methimazole, Cu–Met and Cu–Met–phen com-
plexes after the interaction with iodine (Fig. 4, left). It has been
proposed that the observed blue shift of the free iodine band upon
complexation could be attributed to a perturbation of the iodine
molecular orbital (r⁄) by a repulsive interaction between the
iodine molecule in the CT complexes [20].

It is worthy to mention that the methimazole (not shown) and
the copper(II)–methimazole complexes (Fig. 4, left, short dash line,
as an example) have no absorption in the wavelength range that
could perturb the corresponding new band. Maintenance of the
typical d–d band for Cu(II) complexes let us to assume that there
are no redox processes involved under our experimental conditions.

The method of Lang (Fig. 4, right) was thus employed to calcu-
late the formation constant Kc (Table 1). It is well known that anti-
thyroid activity can be expected for compounds whose Kc exceeds
100 M�1. We first determined Kc for methimazole using CCl4 as sol-
vent (Table 1) being the calculated value close to previous reported
data [33,35]. Because of the insolubility of the complexes in CCl4,
CH2Cl2 and other solvents, we determined Kc in a water–ethanol
medium. The obtained Kc values are shown in Table 1. As it was
expected for more polar solvents (water–ethanol), Kc value for
methimazole is greater than that obtained in CCl4 and CH2Cl2,
showing a fairly good anti-thyroid activity [35]. Phenanthroline
ligand was also tested showing no activity. Surprisingly, the cop-
per(II) complexes presented also good activity, in particular Cu–
Met–phen being 106 times more active than methimazole.

In general methimazole anti-thyroid activity was attributed to
the thione–iodine interaction and several conformations (planar
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Table 2
Minimum inhibitory concentration (MIC) of CuCl2�2H2O, the free ligands (phen and
Met), and the copper(II) complexes for the fungal strains (lg mL�1).

C. albicans C. tropicalis C. parapsilosis

CuCl2�2H2Oa >1500 >1500 >1500
o-Phenanthrolinea 3.00 12.00 12.00
Methimazole 1500 >1500 >1500
Cu–Met 1500 1500 1500
Cu–phen 11.71 46.87 46.87
Cu–Met–phen 1500 1500 1500
Fluconazolea >375 1.5 6

a Data from Ref. [37].
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and perpendicular) complexes have been proposed [34]. For the
copper(II) complexes the thione moiety is blocked due the coordi-
nation with the metal center forming Cu(II)S2O2 and Cu(II)S2N2

coordination (equatorial plane) in Cu–Met and Cu–Met–phen com-
plexes, respectively. In both, the coordination mode is retained in
solution [5,6]. Then, it is possible to assume that the activity of
the complexes comes from the non coordinated NH group belong-
ing to methimazole molecule. The charge transfer complex forma-
tion of this type of molecules having NH group have been earlier
demonstrated for 2-methylfuram [36], sertraline [22] and tricyclic
antidepressants [34], among others. On the other hand, the differ-
ence in the anti-thyroid activity of the ternary complex could be
related to the electron-donating effect of the system phenanthro-
line–copper that increases the basicity of the nitrogen atom of
methimazol [37].

3.3. Antifungal activity and post-antifungal effect (PAFE)
measurements

3.3.1. Antifungal activity
Metal based drugs represent a novel group of antifungal agents

with potential applications for the control of fungal infections.
Besides others, copper(II) complexes are usually investigated
because their antifungal activity [38]. On the other hand, phenan-
throline (phen) and its derivatives are well known since their effect
on disturb the functioning of a wide variety of biological systems
[39]. Also, they act as potential anti-tumor agents that could exert
better anti-tumor activity if their hydrophilic groups are masked
by copper ions to form water-soluble neutral complexes [40]. Phen
derivatives are of interest due to their established activities against
cancer, viral, bacterial, and fungal infections [41].

In a previous work we reported the antibacterial properties of
the ternary Cu–Met–phen complex [6]. As part of continuous
research on these complexes, the metal, the ligands and the com-
plex were tested to determine the possible improvement of the
antifungal activity upon complexation.

Taking into account that the tested complexes behaved as AcP
inhibitors, considering that some acid phosphatase enzymes are
extracted from some fungi strains (including C. albicans) [42], we
consider of relevance to determine the activity of these compounds
as potential antifungal agents.

Nevertheless, MIC values are important experimental data in
antimicrobial assay to determine the susceptibility of some micro-
organisms against antimicrobial agents it provides limited
information on the activity of the drug in the course of time. In this
context, the determination of the post-antibiotic effect (PAE) and
the post-antifungal effect (PAFE) of antibacterial and antifungal
drugs is very important nowadays. The concepts about the PAE
are also applicable to the PAFE. The PAE is a persistent suppression
of bacterial growth following short antibiotic exposure. The PAE/
PAFE is a pharmacodynamic parameter and the presence of this
effect may be an important consideration in designing antibiotic
dosage regimens. Determination of the PAE/PAFE is recommended
in pre-clinical evaluation of all new antimicrobial/antifungal
agents because it is a determinant factor that affects optimal anti-
microbial dosing intervals [43]. In the present study, the PAFEs of
the active copper complexes for the three strains of Candida were
studied.

The results of the antifungal activity assays are given in Table 2.
It is well documented that in vitro measurements MIC values
greater than 1000 lg mL�1 are considered with no relevance from
a clinical perspective [5]. In this context, the antifungal activity of
the CuCl2�2H2O, methimazole, Cu–Met and Cu–Met–phen against
all tested strains are considered not significantly relevant. Never-
theless, the free ligand phen and the complex Cu–phen show good
antifungal activity against all strains of Candida. As we have previ-
ously reported, the free ligand phen was the most active antifungal
compound tested on C. albicans showing the lowest MIC values
[23]. No improvement in this activity of the non-active methima-
zole is produced by its complexation with Cu(II) in contrast with
the antibacterial one. Like the antibacterial activity of this metal,
the antifungal activity of copper was enhanced by complexation.
Some MIC values of copper(II) ion against different fungal strains
were previously reported being in accordance with our results
[5,41]. Besides, our results on the MIC values of phen against
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different strains of Candida agree with those reported by Creaven
et al. [44] (MIC = 3.31 lg mL�1).

The antifungal activity information related to ternary cop-
per(II)-L-phen (L = different kind of ligands) complexes referred
usually to the effect on C. albicans [45–47]. For Cu(II)–dicouma-
rol–phen complexes only one of the complexes named as HPC3
presented a MIC value on C. albicans (ATCC66027) the half of that
of the ligand alone but there were no comparisons with the effect
produced by isolate phen [28]. Copper(I)-L-phen complexes were
also proved against C. albicans (from clinical samples). [CuI(2,2-
biquinoline)P(CH2N(CH2CH2)2O)3] complex showed a MIC value
of 100 lg mL�1 while for Cu(I) iodide complexes with amino-
methyl phosphanes were in the 80–160 lg mL�1 range. In any case
the MIC values were better than those obtained for Cu–phen
[48,49]. Antifungal activity of Cu–phen complexes (Cu(phen)2+,
Cu(phen)2

2+) were also checked, but no specific data for these com-
plexes were found. For this reason our data seems to be relevant
confirming the tendency of the improvement of the biological
behavior of the metal mediated by the ligand.
3.3.2. Post-antifungal effect (PAFE) measurements
The PAFE is usually defined as the period of inhibition of fungal

growth after the antifungal has been completely removed. This
period can also be a measure of the delayed regrowth of fungi after
a short period of antifungal exposure [23]. A zero value was
assigned to PAFEs values of 20 min or less since it was considered
not significant. The PAFEs of the CuCl2�2H2O, methimazole, Cu–Met
and Cu–Met–phen were not determined because these compounds
exert no activity against fungal strain (MIC > 1500 lg mL�1). The
ligand phen exhibited no PAFEs against the tree strains of Candida
(PAFE < 20 min).

The complex Cu–phen exhibited a longer PAFE against C. par-
apsilosis (2.92 ± 0.25 h) than for C. albicans (0.44 ± 0.05 h). Never-
theless, this complex exhibited no PAFEs against C. tropicalis. The
enhanced PAFE values upon complexation can be explained on
the bases of Tweedy’s chelation theory. On this theory, chelation
reduces the polarity of the central metal atom because of partial
sharing of its positive charge with the ligand. Further, it increases
the delocalization of p-electrons over whole chelate ring and
enhances lipophilicity of the complexes [5]. This increment in the
lipophilicity of the Cu–phen complex could be responsible for the
longer PAFEs on fungal strains because the complex could remain
more time in the lipid bilayer. However, the lack of this effect
against C. tropicalis can’t be explained by this theory. From a clin-
ical point of view, the increment of PAFE values upon complexation
with copper(II) is taken into consideration in the design of antibi-
otic dosage regimens allowing the extension of antifungal dosing
intervals beyond the time that antifungal concentrations fall below
the MIC.

PAE/PAFE reports are not usually evaluated for metal complexes.
Our research group began to evaluate PAE/PAFE as a complemen-
tary data [23]. The PAFEs of the complex Cu–phen were compared
with the PAFEs reported in the literature for some antifungal agents
(similar experimental conditions and fungal strains).

While the MIC values corresponding to C. parapsilosis and C.
albicans were similar to that found for [Cu(phen)(cnge)(H2-
O)(NO3)2] complex (cnge = cyanoguanidine) [23], in both cases
the PAFEs values were higher than the Cu–phen complex.
4. Interaction of the metal complex with bovine serum albumin

4.1. Binding affinity of the metal complex with bovine serum albumin

The aim of this section is to determine the affinity of the
Cu–Me–phen complex to bovine serum albumin (BSA) which has
usually been used as a model. In a previous work we studied the
interaction with BSA for Cu–Met complex. In this work, the inter-
action of the phen ligand and Cu–phen complex were included
for comparative purposes.

It is well know that albumin binds to a variety of substrates,
including metal cations, fatty acids, amino acids, hormones and
several therapeutic drugs. It has been shown that the distribution,
the free concentration and the metabolism of various drugs can be
significantly altered as a result of their bindings to BSA. This bind-
ing ability could be evaluated using fluorescence spectroscopy.

The fluorescence quenching is the procedure that could weaken
the fluorescence intensity of a fluorescent compound through sev-
eral processes. The intrinsic fluorescence of BSA comes from the
tryptophan and tyrosyl amino acid residues of its structure. The
changes of fluorescence or absorption spectra of BSA reflect the
interaction of the drugs with the macromolecular protein. Several
drugs and other bioactive small molecules bind reversibly to albu-
min and typical association constants (Ka) values from 104 to
106 M�1 indicated a carrier behavior. Serum albumin often
increases the apparent solubility of hydrophobic drugs in plasma
and modulates their delivery to cell in vivo and in vitro.

In our experiments, the fluorescence intensity of BSA was
affected showing a significant decrease and the band was moved
to higher wavelengths values (red-shift) of the maximum emission
wavelength (Fig. S1). This change implies that the conformation of
BSA is changed and the tryptophan and tyrosine residues are located
in a less hydrophobic environment [24,25]. To determine the type of
fluorescence quenching, the Stern–Volmer equation was applied
(calculated curves can be seen in Fig. S2 in which, a linear
dependence was established). The Ksv constants at 25 �C were
calculated giving a final value of 41.70 � 103 M�1 for phen–BSA,
26.77 � 103 M�1 for Cu–phen–BSA and 44.10 � 103 M�1 for Cu–
Met–phen–BSA. Based in the relationship Kq = Ksv/s0 (where s0 is
the average lifetime of the biomolecule without quencher), the
dynamic quenching constant Kq has also been calculated giving
values of 41.70 � 1011 M�1 s�1, 26.77 � 1011 M�1 s�1 and
44.10 � 1011 M�1 s�1, respectively. These constants were greater
than Kq(max) (2 � 1010 M�1 s�1, reference value) meaning that for
these complexes the quenching is not initiated by dynamic collision,
but it could possible be originated from the interaction of the ligand
or the complex with the albumin [25]. A different mechanism was
determined for the interaction of the Cu–phen complex with BSA.
The graph lines of the Fig. S2 is bent upward, so the Stern–Volmer
equation has only been used in the linear range (Fig. S2, inset).
The calculated Ksv values are indicative that the formation of the
ternary complex clearly improves the interaction with the albumin
since it is greater than that of the binary complex Cu–phen.

The apparent static binding constant (Ka) and the number of
binding sites, n value, were calculated for Cu–Met–phen complex.
The Ka value (4.820 � 105 M�1) point to a reversible binding of the
complex to albumin and the ‘‘n’’ value (1.33) mean that there was
one independent class of binding site on the albumin for complex.
Therefore, it can be assumed that this complex may be stable in
biological systems and may be carried by albumin.

4.2. Conformational changes induced on BSA structure

Because: (i) there is evidence of conformational changes in BSA
after interaction with low molecular weight ligands and (ii) it is
well known that these changes affect the secondary and tertiary
structure of albumin, these molecular interactions were monitored
by spectroscopic techniques (FT-IR, Raman, UV–vis).

The tertiary structure of BSA was analyzed by the changes pro-
duced on the vibrations of the side chain (tyrosine and tryptophan
modes) and disulfide region. The Secondary structure was studied
exploring typical Amide I protein band. Then, these results were
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correlated with the changes observed in the typical UV–vis bands
of the albumin.

In the Raman spectra, the ratio of the tyrosyl doublet at 850 and
830 cm�1 has been used to determine whether the tyrosine resi-
dues in proteins are exposed or buried [5]. After the addition of
phen, Cu–phen and Cu–Met–phen solutions, a significant modifica-
tion in the tyrosine doublet of BSA was observed indicating that
the microenvironments of tyrosyl groups were greatly altered by
the interaction with the compounds. Fig. 5 (top panel) shows the
calculated I850/830 ratio for each compound. For the ternary com-
plex there is a decrease in the I850/830 ratio suggesting that tyrosine
residue formed a more buried environment in comparison with
BSA indicating an involvement of tyrosyl residues in the inter or
intramolecular interactions. In the phenanthroline samples there
is an increment in this ratio meaning a change of the tyrosyl resi-
dues from middle to a more exposed environment. On the other
hand, the absence of a definite peak at ca. 1360 cm�1 (indicative
of buried tryptophan residues) suggests that the tryptophan rich
domain is partly accessible being exposed and available to interact
[24]. This result is coincident to the observed red-shift in the
fluorescence spectra suggesting the unfolding of the protein. In
addition, the opening of the structure of the BSA was accompanied
by modifications in the S–S disulfide region (500–550 cm�1

region). It is established that the position of these bands are sensi-
tive to the conformation of the C–C–S–S–C–C sequence. Bands at
ca. 510, 525, and 540 cm�1 are characteristic of the gauche–
gauche–gauche (g–g–g), gauche–gauche–trans (g–g–t), and trans–
gauche–trans (t–g–t) conformation of the C–C–S–S–C–C sequence,
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Fig. 5. Raman spectra. Top panel: I850/830 ratio of (A) free BSA⁄ (2% w/v) from Ref.
[6], (B) phen–BSA (0.5 mM:2% w/v), (C) Cu–phen–BSA (0.5 mM:2% w/v), and (D)
Cu–Met–phen–BSA (0.5 mM:2% w/v). Bottom panel: normalized intensity of the
Raman S–S stretching vibrations in the 470–550 cm�1 region A–D references as
described before.
respectively [24]. The modifications of intensity in these bands
are shown in Fig. 5 (bottom panel). It was shown that in BSA the
g–g–t configuration is higher than the g–g–g one while the t–g–t
is less represented. The ligand phenanthroline and the Cu–phen
complex caused a rearrangement of the S–S giving rise to an incre-
ment of the proportion of the configuration modes attributed to t–
g–t and g–g–t conformations of the S–S disulfide bonds. On the
other hand, the presence of copper(II) ion in the complexes pro-
voked the splitting of the bands in the t–g–t region. The appearance
of these two bands was suggested to be associated to the two types
of S–S configuration, intrachain and interchain disulfide bonds, in
that order [24]. Apart this change, the most striking spectral
change in the ternary complex was the disappearance of the band
related to the g–g–g conformation revealing a strongest alteration
in the disulfide bonds because of the loss in the local conformation
of the most energetically stable one. This loss may be associated
with the rupture of disulfide bridges of the g–g–g conformation
due to unfolding of the protein.

In the FTIR spectra, amide I band (1700–1600 cm�1, 70–85% of
the mC@O stretching vibration mode) was taken into consideration.
According to the curve fitting procedure, the area of each compo-
nent and the type of secondary structure was calculated
(Table S1). There was a decrease in a-helix conformation percent-
age relative to free BSA [26] being this effect higher for copper(II)-
complexes especially in the ternary one. In this case, the strong
reduction observed in a-helix conformation and the considerable
enhancement in disordered structures in relation to BSA native
structure suggested a strong interaction between copper(II)-com-
plexes and BSA together with the unfolding of the protein and
the losing of their majority a-helix conformation. Phenanthroline
did not produce this strong effect on this conformation being
reduced only in a 10% in comparison with free BSA. The structural
modification leads mainly to the increment of percentage of the b-
antiparallel component (disorder structures).

When the UV–vis spectra were also analyzed (Fig. S3), the
absorption peaks of these solutions showed marked shifts toward
shorter wavelengths with respect to the BSA blank indicating that
as a consequence of the interaction the peptide strands of BSA the
molecules were more extended. There is also a significant intensity
increment in the bands that could be due to a higher exposure of
aromatic amino acid residues [5]. This behavior is in concordance
with the Raman measurements in which the exposition of the
Trp residues was revealed.

Until now, we evaluated the degree of association and interac-
tion of the complex with BSA. In order to know if it is stable in this
simulated biological media and try to find which residues of the
protein are probable interacting with the complex, we explore cop-
per(II) ligand environment in Cu–Met–phen–BSA system (0.5 mM-
2% w/v solution of Cu–Met–phen–BSA system) by EPR and UV–vis
spectroscopies.

The electronic spectrum in the visible region displayed a typical
broad band with maximum at 665 nm which is assigned to the d–d
transitions of the copper(II) ion (450–830 nm region, rather asym-
metric due to d9 configuration Jahn–Teller effect). This band appears
slightly shifted to longer wavelengths (red shift) in comparison to
the spectrum of the complex in aqueous solution (k = 658 nm) [6].
The EPR spectrum was recorded at 140 K (Fig. S4) in order to assist
in the identification of the copper(II) species and the corresponding
geometry, particularly the equatorial ligand donor set, and the over-
all charges involved in the BSA interactions. The simulation pre-
dicted the existence of unique solution species in which the EPR
signal is originated by a Cu(II)-chromophore with the spin Hamilto-
nian parameters of gk = 2.255, g\ = 2.090 (gk > g\ > 2.040 consistent
with a dx

2
�y
2 ground state in an elongated octahedron) and the hyper-

fine coupling constant of Ak = 184 � 10�4 cm�1, A\ = 15 � 10�4 cm�1

(giso = 2.145, Aiso = 71.3 � 10�4 cm�1). EPR parameters of the single
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signal were consistent with data previously reported suggesting that
the equatorial environment of copper(II) in Cu–Met–phen complex
(CuN2S2) [5,6] is retained after albumin interaction. Assuming that
the ligands remain coordinated to the metal in the interaction with
BSA it is then possible to suggest that the contact takes place via
Trp residues (van der Walls, H bond formation) which are exposed
at the moment of the interaction, as demonstrated by Raman
measurements.

5. Conclusions

As it was mentioned, there are few examples of metal coordina-
tion complexes as AcP inhibitors in which Cu(II) complexes are not
included. In this work, we tested for a first time AcP inhibition
mediated by the new Cu(II) methimazole complexes. It was evi-
dent that the presence of phenanthroline ligand in the coordina-
tion sphere of the metal center became relevant in the specific
inhibitory effect on AcP. The octahedral coordination significantly
improves the inhibition behavior in comparison with the very
scarce effect produced for Cu–Met and the inactive methimazole.
Anti-thyroid activity was also determined for a first time for metal
complexes. In this experience, methimazole, Cu–Met y Cu–Met–
phen behaved as anti-thyroid agents. It is remarkably that cop-
per(II) complexation produced a metal-drug synergy behavior
being this effect more significant in the ternary complex which
was 106 times more active than methimazole.

By binding affinity measurements it was concluded that the
complex interacted with BSA and might be carried by the protein
(Ka, 104–106 M�1). It was also established that the complex main-
tained its equatorial coordination sphere (EPR) after BSA interac-
tion and that the mechanism of the interaction would be through
Trp residues of the protein that became exposed after the opening
of the BSA structure with a partial loss of the a-helix conformation
(FTIR, Raman).
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