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a  b  s  t  r  a  c  t

Optical  properties  of  the interaction  between  thiophanate  methyl  and  human  serum  albumin  have  been
investigated  for biosensor  applications.  The  interaction  between  human  serum  albumin  (HSA)  and  thio-
phanate  methyl  (MT)  was  investigated  by UV–Vis  absorption  spectra  and  atomic  force  microscopy.  The
optical  constants  (refractive  index,  absorption  index,  band  gap  and  dielectric  properties)  of  HSA,  MT and
eywords:
iosensor
uman serum albumin (HSA)
hiophanate methyl (MT)
ptical constants
FM

MT +  HSA  films  were  determined  using  absorbance,  transmittance  and  reflectance  spectra.  The  refractive
index dispersion  curve  (>530  nm)  exhibits  the  normal  dispersion.  The  refractive  index  of  the  MT  +  HSA  is
higher than  both  HSA  and  MT  alone  due  to the  highest  reflectance  of  the  mixture  of  MT and  HSA. This
behavior  is  indicative  of the  complex  formation  between  the  MT and  HSA.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Human serum albumin (HSA), represents the major soluble
rotein constituent of the circulatory system. It is the most abun-
ant drug carrier protein which plays an important role in the
ransportation and deposition of many endogenous and exogenous
rugs/ligands in blood [1,2]. Many drugs, chemicals and bioac-
ive small molecules can bind reversibly to albumin and other
erum components, which implicate their role as carriers [3–5].
SA can bind and carry many drugs and chemical materials which
re soluble or poorly soluble in water. The distribution, free con-
entration and the metabolism of various drugs can be obviously
ltered upon binding with HSA [1].  Modern agricultural production
n many countries largely depends on intensive use of pesticides.
ndiscriminate applications of pesticides resulted in accumulation
f pesticide residues in fruits and vegetables [6–9]. Thiophanate
ethyl (MT) is a thioallophanate compound, which is widely used

o control the fungal diseases of crops due to its broad spectrum
ctivity [10,11]. Apart from the beneficial effects associated with

he use of pesticides, the pesticides may  also pose potential haz-
rds to humans and the environment [12,13].  MT  is a known
ategory-III acute inhalation toxicant, likely to be carcinogenic to
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humans and is widely used for the control of some important fun-
gal diseases of crop [14–16].  It is a potential spindle poison and
impairs the polymerization of tubulin [17] besides causing delayed
cellular proliferation and increase in the frequency of apoptosis.
Recently, Saquib et al. [18,19] demonstrated its genotoxic poten-
tial and capacity to induce DNA strand breaks, micronuclei and
8-oxodG formation in human lymphocytes due to ROS generation
in vitro. The interactions between bio-macromolecules and chem-
icals have attracted increasing research interest in recent years
especially for the health and environmental protection [20,21].
Among various bio-macromolecules, serum albumins are the most
abundant soluble proteins in the body circulatory system of a
wide variety of organisms and have many indispensable physio-
logical functions. Serum albumins are serving as a depot protein
and a transport protein for many exogenous compounds [14,21].
Therefore, the absorption, distribution, metabolism and excretion
properties, as well as the stability and toxicity of chemical sub-
stances can be significantly affected because of their binding to
serum albumins [14–21].  Moreover, there is evidence of conforma-
tional changes of serum albumin induced by its interaction with
low molecular weight molecules, which appear to affect the sec-
ondary and tertiary structure of albumins [14–21].  Therefore, the
studies on interaction of chemicals with serum albumin are of

great importance. Binding of chemicals with protein helps in under-
standing the metabolism and transport process besides assessing
the structure–function relationship of the protein [20]. Thus, it
is necessary to investigate the interaction of MT  with HSA, to

dx.doi.org/10.1016/j.saa.2011.04.056
http://www.sciencedirect.com/science/journal/13861425
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emonstrate the MT–protein complexation and provide important
nsight into the nature of interaction. The interaction has been stud-
ed by means of spectrophotometric studies and AFM. UV–Vis–NIR
pectra of transmittance/reflectance/absorbance were measured in
he wavelength range 250–800 nm.  Optical constants of HSA, MT
nd complex interaction between them are calculated and ana-
yzed in the light of the optical spectroscopy for the first time to
haracterize the interaction between MT  and HSA.

AFM micrographs as a powerful tool provide more useful infor-
ation about the complex interaction between MT  and HSA.

. Experimental procedures

.1. Chemicals and materials

HSA was purchased from Sigma–Aldrich and MT  was obtained
rom D-86199 Augsburg (Germany).

.2. Reagents

HSA solution was prepared in pH 7.4 buffer solution as
3.0 × 10−5 mol/L) and HSA stock solutions were kept in the dark
t room temperature (293 K). The stock solution (1.0 × 10−3 mol/L)
f MT  was prepared in ethanol.

.3. Instrumentation

Thin film of HSA and MT  and MT  + HSA were prepared through
e-100 Desk-top Spin Coater at 1000 rpm and dried at 60 ◦C for

 min. The transmittance/reflectance/absorbance spectra of the
SA, MT  and MT  + HSA thin films were obtained using a Shimadzu
V-VIS-NIR 3600 spectrophotometer. The morphology of MT  and
T + HSA thin films was investigated using Park System XE-100E

tomic force microscope.

. Results and discussion

.1. AFM micrographs of MT  and MT  + HSA thin films

The atomic force microscopy (AFM) has been exploited as a sur-
ace characterization technique for examination of biomolecules in
iomaterial research. This technique offers the significant advan-
age of probing in high detail the surface topography qualitatively
surface images) and quantitatively (surface roughness) due to its
anometer-scale spatial resolution. It has proved to be very helpful

or the determination and verification of various morphological fea-
ures and parameters. The interaction between HSA and MT in thin
lm form was examined. Two and three dimensional AFM micro-
raphs of 40 × 40 �m2 and 10 × 10 �m2 of MT  and MT  + HSA are
hown in Fig. 2. The MT  thin film micrographs dried at 60 ◦C have
he shape of tree leafs with roughness 85.977 nm. The mixed MT
nd HSA showed the roughness of 75.369 nm,  suggestive of strong
inding energy between MT  and HSA. Li et al. [6] and also reported
he interaction between MT  and HSA via the UV absorption spectra,
he fluorescence emission and Fourier transform infrared (FT-IR)
pectroscopy and the molecular modeling studies. The effect of
T on HSA caused considerable changes in the protein secondary

tructure, and the AFM data support the interaction between MT
ith human serum protein. These results corroborate with our ear-

ier studies on circular dichroism (CD) analysis [22], which have
xplicitly demonstrated the MT-induced conformational changes

n the secondary structure of protein. The significant reductions in
he mean residue ellipticity (MRE) in deg cm2 dmol−1, suggested
lterations in protein helicity upon MT–HSA complexation. The MT
oncentration dependent decrease in band intensities at 209 and
Fig. 1. The chemical structure of MT.

222 nm in the far-UV region reflected a change in the protein sec-
ondary structure, primarily due to reduction in �-helical content
of treated protein. At a molar ratio of 1:0.04, the perturbation has
been determined to be 8% with loss in protein helicity from 54.8%
in native untreated HSA to 50.6% upon MT  treatment [22].

3.2. Optical Transmittance/reflectance/absorbance of HSA, MT
and MT + HSA

Optical absorbance/transmittance/reflectance spectra were
used to determine the optical constants (refractive index, absorp-
tion index, band gap and dielectric properties) of HSA, MT  and
MT + HSA for optical biosensor applications. Both the absorbance
and the reflectance were recorded on UV–Vis–NIR double beam
spectrophotometer at room temperature in the range 250–800 nm.
The transmittance/reflectance spectra of HSA, MT and MT  + HSA are
shown in Fig. 3a. The data revealed that the HSA, MT  and MT–HSA
complex exhibit a transparent region through a wide range of wave-
lengths as shown in Fig. 1a. It is clear that the transmittance of a
mixture (MT  + HSA) is lower than the MT  and HSA alone, indicat-
ing that the interaction occurred between them. The reflectance of
MT + HSA was significantly higher than MT  and HSA alone, which
has affected the calculated optical constants of MT,  HSA and the
mixture (MT  + HSA). UV–Vis absorption measurement is a very sim-
ple but effective method to explore the structural change and the
complex formation. Fig. 4b represents the UV–Vis–NIR absorption
spectra of HSA, MT  and MT–HSA complex binding in which the most
absorption area of this materials are in UV region as shown in the
inset of this figure. Also, the HSA exhibited higher absorbance than
both MT  and MT  + HSA. It is also found that the complex interac-
tion between HSA and MT  led to the enhancement the absorbance
to be increased than MT  alone and lower than HSA spectra. Accord-
ingly, the MT–HSA complex formation upon mixing MT  with HSA
results in the change in protein conformation due to change in
the micro-environment around HSA. The results correspond well
with our earlier studies, which have suggested that the MT–HSA
complex formation occurs mainly due to binding with aromatic
amino acids, preferably the tryptophan moiety on sub-domain IIA
due to the alkyl group transfer from MT  to amino acid functional
group [22]. The complex formation has also been validated by cyclic
voltammetric analysis, where a significant reduction in the cathodic
peak current (ipc) was noticed upon addition of HSA to MT  solution.
The reduction in peak current is attributed to the HSA interaction
with MT  to form a non-electrochemical complex, which blocks the
electron transfer between the quasi-reversible peaks of MT  and
electrode [22].

Refractive index measurement plays a vital role in many
areas of biophysics, biochemistry and biomedicine. The com-
plex refractive index and dielectric function characterize the
optical properties of thin materials. The optical properties of

the thin films have been investigated by spectrophotomet-
ric measurement of transmittance/reflectance/absorbance at the
wavelengths range of 250–800 nm.  The refractive index was  cal-
culated through the following equations. The normal reflectance
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ig. 2. AFM images of (2D 40 × 40 �m2) and (2D 10 × 10 �m2) of MT  and MT + HSA
T  and MT + HSA.

or any absorbing material can be expressed through the following
quation [23–25]:

 =
(

(n − 1)2 + k2

(n + 1)2 + k2

)
. (1)

olution of Eq. (1) gives directly the refractive index as [24,26,27]:

 =
(

1 + R

1 − R

)
+

√(
4R

1 − R)2
− k2

)
, (2)

here n is the refractive index and k is absorption index. The val-
es of the absorption index k can calculated from the absorption
oefficient  ̨ = A/t, where A is the measured absorbance and t the
hickness of the investigated films measured through AFM. The
ariation of refractive index (n) and extinction coefficient (k) with
avelength for HSA, MT  and the MT–HSA complex is shown in

ig. 4. It is observed that the refractive index possesses a min-
mum and maximum peak (anomalous dispersion) at the strong
bsorption region while at the higher wavelengths, all the samples
xhibit a normal dispersion behavior in which the refractive index
s decreased with increasing wavelengths. Also, the refractive index
f the MT  + HSA is higher than both HSA and MT  due to the highest

eflectance of the mixture (MT  and HSA). This behavior is an indi-
ator of the complex formation between the MT  and HSA. For, the
bsorption index, it is clear that HSA has the strongest absorption
han both MT  and MT  + HSA. Also, MT  + HSA exhibits the absorption
s: three dimensional (3D) AFM images (3D 40 × 40 �m2) and (3D 10 × 10 �m2) for

between HSA and MT.  The previous work on HSA shows that HSA
exhibits a strong absorption in the UV region [28].

3.2.1. Determination of band gaps
The fundamental absorption is related to band-to-band or to

exciton transition. The relation between absorption coefficient and
optic band gap for direct and indirect transitions is given by the
following equation [29,30]:

˛h� = A(h� − Eg)r , (3)

where  ̨ is the absorbance coefficient, h� is the photon energy, Eg is
the optical band gap, A is constant which does not depend on pho-
ton energy and r has four numeric values (1/2 for allowed direct,
2 for allowed indirect, 3 for forbidden direct and 3/2 for forbidden
indirect optical transitions). In this work, direct band gap is deter-
mined by plotting (˛h�)2 versus h� curve. With the extrapolation
of the linear region to lower energies, it is possible to calculate the
band gap of HSA, MT  and the MT  + HSA. The optical band gaps of
HSA, MT  and the MT  + HSA were found to be 4.10, 3.98 and 3.92 eV,
respectively. The optical band gap of MT  changes with interaction
between MT  and HSA.

For optical materials, another important parameter is the refrac-

tive index. The complex refractive index can be described by
[25,31,32]:

�n = n(h�) + ik(h�). (4)
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ig. 3. (a and b) Transmittance/reflectance spectra of HSA, MT and MT + HSA com-
ounds.

lso, the complex dielectric constant function can be written as
ollows:
 = ε1(h�) + iε2(h�). (5)

oth the complex refractive index and the dielectric constant char-
cterize the optical properties of thin film materials. Where ε1(h�)

Fig. 4. The UV absorbance of HSA, MT and MT + HSA compounds.
Fig. 5. (a and b) The variation of refractive index and absorption index with wave-
length for HSA, MT  and MT + HSA compounds.

and ε2(h�) is the real and imaginary parts of the dielectric con-
stant. Both ε1(h�) and ε2(h�) are related to the refractive index
and absorption index by the following equations [31,32]:

ε1(h�) = n2(h�) − k2(h�) (6)

and
ε2(h�) = 2n(h�) · k(h�). (7)

The dependence of both ε1(h�) and ε2(h�) on photon energy is
shown in Fig. 5(a and b), respectively. Both ε1(h�) and ε2(h�)

Fig. 6. Plot of (˛h�)2 versus the photon energy h� f or the HSA, MT  and MT  + HSA
compounds.
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ig. 7. (a and b) Plots of ε1(h�) and ε2(h�) of HSA, MT and MT + HSA compounds.

ncrease with increasing the photon energy until reached its max-
mum and then they are decreased with the further increase of
he photon energy. It is clear that, the values of ε1(h�) is larger
han of ε2(h�). Also, the values of ε1(h�) is larger for MT  + HSA
han MT  and HSA alone, due to the high refractive index of the

ixture of MT  + HSA than MT  and HSA alone. For the imaginary
art of dielectric constant, the value for HSA is larger than MT  and
he mixture MT  + HSA is in the middle between them followed the

ame pattern of the absorbance spectrum and absorption index
see Figs. 6–8).

ig. 8. Plots of the dielectric relaxation time � versus the photon energy h� for HSA,
T  and MT + HSA compounds.
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The dielectric relaxation time � can be determined by the fol-
lowing equation [33,34]:

� = ε∞ − ε1

ωε2
. (9)

The dielectric relaxation time � as a function of photon energy for
HSA, MT  and MT  + HSA films. This figure shows that the relaxation
time is decreased with increasing photon energy. Also, the values
of MT  + HSA at the lower photon energy are much higher than MT
and HSA alone. Such behavior was  expected due to the interaction
between them forming a complex of MT  + HSA.

4. Conclusions

The interaction between thiophanate methyl and human serum
albumin has been investigated by UV–Vis absorption spectra and
atomic force microscopy. The optical constants such as refractive
index, absorption index, band gap and dielectric properties of HSA,
MT and MT  + HSA films were determined. The optical constants
of MT  change with HSA interaction. This suggests that the optical
biosensors can be prepared by MT  + HSA films.
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