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Adsorption characteristics of zein protein on hydrophobic and hydrophilic surfaces have been investigated to
understand the orientation changes associated with the protein structure on a surface. The protein is adsorbed by
a self-assembly procedure on a monolayer-modified gold surface. It is observed that zein shows higher affinity
toward hydrophilic than hydrophobic surfaces on the basis of the initial adsorption rate followed by quartz crystal
microbalance studies. Reflection absorption infrared (RAIR) spectroscopic studies reveal the orientation changes
associated with the adsorbed zein films. Upon adsorption, the protein is found to be denatured and the transformation
of R-helix to â-sheet form is inferred. This transformation is pronounced when the protein is adsorbed on
hydrophobic surfaces as compared to hydrophilic surfaces. Electrochemical techniques (cyclic voltammetry and
impedance techniques) are very useful in assessing the permeability of zein film. It is observed that the zein
moieties adsorbed on hydrophilic surfaces are highly impermeable in nature and act as a barrier for small molecules.
The topographical features of the deposits before and after adsorption are analyzed by atomic force microscopy.
The protein adsorbed on hydrophilic surface shows rod- and disclike features that are likely to be the base units
for the growth of cylindrical structures of zein. The thermal stability of the adsorbed zein film has been followed
by variable-temperature RAIR measurements.

Introduction

Enzymes and proteins often show specific adsorption on
surfaces, and the interactions are generally governed by charge-
based and hydrophobic forces.1 Nonspecific interactions involv-
ing proteins are of interest in applications such as immunoas-
says,2 biofouling,3 and biocompatibility.4 Adsorption characteristics
of proteins and enzymes are fundamentally important to
appreciate relaxation characteristics, unfolding, footprint, and
coverage.5-7 Additionally, protein molecules having hydrophilic
and hydrophobic moieties may change their conformation upon
adsorption on surfaces of different wettablity.1,5 The mechanism
of adsorption of globular proteins at solid/water interfaces has
been reported in detail.8,9

Cereal proteins are used as encapsulates for food,10 oils,11

and extruded products by plasticizing with fatty acids or lipids.12

Zein is a prolamine of maize and it has attracted attention
because of its potential applications as an industrial biopoly-
mer.13 Zein is classified as a globular protein containing a large
fraction of nonpolar amino acids.14 The structure of zein as
reported by Matsushima et al.,15 based on small-angle X-ray
scattering (SAXS), contains 10 successive helical segments
folded upon each other in an antiparallel fashion stabilized by
hydrogen bonds. The helical segments are linked at each end
by glutamine-rich turns or loops (Scheme 1). Zein has been
used to produce novel polymeric films that are biodegradable13

and can be used as a coating to protect food materials from
spoilage.10 Zein films can replace commercial coating agents
like carnauba wax and shellac inside food packets. The
properties of the films, like biodegradability, mechanical proper-
ties, water absorption and barrier properties, etc., largely depend
on the interaction between proteins, plasticizers, and other
functional groups,16 and monolayers are good models to study
their properties.17

Spectroscopic studies on the zein films concerning stability,
degradability, and interactions with plasticizers have been
reported earlier.18,19Fourier transform infrared spectroscopy (FT-
IR)20 and Raman spectroscopy21 have been used extensively to
follow conformational changes associated with zein films.
Raman spectroscopic studies on zein films have been reported
to monitor the thickness and evaluate the ability of the film
performance as a food-protecting agent.22 Zein protein is neither
soluble in pure water nor in alcohol since it contains both
hydrophilic and hydrophobic character according to the model
proposed by Matsushima et al.15 The average hydrophobicity
of zein is reported to be 50 times larger than albumin, fibrinogen,
etc., and hence a higher percentage of alcohol/aqueous mixture
is required for dispersion of zein.23 The solvent that is used in
the present study is 75% (by volume) 2-propanol in water as
reported in the literature.23

It is important to understand the characteristics of adsorbed
zein film in terms of its permeability to small molecules, since
this biopolymer is projected to be a good coating material for
food packaging. Additionally, the hydrophilic and hydrophobic
residues on the protein surface may play a large role in
determining the orientation of the protein when adsorbed on
surfaces with controlled wettability. The change in orientation
is expected to result in surfaces with controlled characteristics
that could be used for a variety of applications. In the present
study, we have adsorbed zein on hydrophilic and hydrophobic
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Scheme 1. Structure of Zein Monomer (after Reference 15)
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surfaces and show that the permeability of the film varies
depending on the orientation of the protein on the surface. The
importance of interactions of zein with polar and nonpolar
functional groups is brought out in the context of fatty acids
and lipids being used for making biopolymer films of zein for
industrial applications. This information may prove to be very
useful in the fabrication of zein films toward biodegradable,
edible, preservative coatings for food materials. A variety of
techniques including quartz crystal microbalance (QCM), reflec-
tion absorption infrared (RAIR), atomic force microscopy
(AFM), and electrochemical techniques24,25 have been used to
understand the adsorption behavior of zein. Thermal stability
and orientation changes associated with zein deposits have been
monitored by RAIR spectroscopy based on the changes associ-
ated with the amide stretching modes.

Experimental Section

Chemicals.Mercaptoundecanoic acid [SH(CH2)11COOH, 99.98%,
Aldrich] and undecanethiol [CH3(CH2)10SH, 99.98%, Aldrich] were
purchased and used without further purification. Potassium ferricyanide
(99.9%), potassium ferrocyanide (99.9%, SD Fine Chemicals), sodium
fluoride (99.8%, Merck), ethanol (99.99%), 2-propanol (99%, SD Fine
Chemicals) were used as received. Zein (from maize) was purchased
from Sigma and defatted by the procedure given below. Double-distilled
water was used wherever required.

Purification of Zein. Commercial zein was defatted with hexane,
on the basis of a reported procedure.26 A definite volume of ethanolic
solution of zein was kept in a rotary evaporator until all the ethanol
was evaporated. A known volume of HPLC-grade hexane was then
added to it, the mixture was filtered, and the remaining hexane was
evaporated in a rotary evaporator. This process was repeated at least
three times till no fat was detected in the filtrate.

To check the purity of defatted zein, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in
an SDS-12% polyacrylamide gel. Buffer containing 49 mM Tris, 384
mM glycine, and 0.1% (w/v) SDS at pH 8.5 was used to run the gel
electrophoresis. Coomassie blue staining was used for detection of
polypeptides. Molecular masses of SDS-PAGE standards ranged from
10 to 90 kDa.

Substrate Preparation. Highly oriented (111) gold surface was
prepared by resistive thermal evaporation of gold (1500-2000 Å
thickness) on fine-quality mica sheets. The powder XRD data confirmed
the formation of oriented (111) phase. The roughness factor defined
as the ratio of the real surface area to the geometric area of the Au
surface was determined to be 1.5 for the as-deposited gold, based on
oxide stripping in 0.5 M H2SO4. The gold surfaces were flame-annealed
in an acetylene-oxygen flame and subsequently washed with ethanol
before use.

Monolayer Formation: Adsorption of Carboxyl-Terminated Self-
Assembled Monolayers.Hydrophilic surfaces were prepared by adsorp-
tion of mercaptoundecanoic acid (MuDA) on oriented gold surfaces.
The gold substrates were immersed in 1 mM solution of mercaptoun-
decanoic acid in ethanol for 12 h and subsequently washed with a
copious amount of solvent. The modified surfaces were dried in argon
and used for further studies.

Adsorption of Methyl-Terminated Self-Assembled Monolayers.Hy-
drophobic surfaces were prepared by adsorption of undecanethiol on
gold surfaces. Gold substrates were immersed in 1 mM solution of
undecanethiol in ethanol for 12 h and subsequently rinsed with alcohol
and dried in argon gas.

Zein Adsorption on Modified Substrates.The self-assembled mono-
layer- (SAM-) modified gold surfaces were immersed in 0.05% (w/v)
zein in 2-propanol-water (3:1 by volume) mixture for 2 h and
subsequently rinsed with the solvent to remove loosely bound zein
molecules. In the case of zein adsorption on carboxylic acid-terminated

SAM, the pH of the aqueous phase used to prepare the solvent for
zein is adjusted to pH) 4 with chloroacetic acid. At this acidic pH, it
is expected that the carboxylic acid functional groups of the SAM will
be in the undissociated form. The interaction of the carboxylic acid
end groups with the glutamine residues of zein may thus be favored.
Though it is not truly a hydrophilic-hydrophilic interaction as in an
aqueous medium, it is expected that the COOH groups will interact
with the glutamine residues in the mixed solvent of water-2-propanol.

Reflection Absorption Infrared Spectroscopy.RAIR spectra were
recorded on a FT-IR spectrometer (Spectrum GX, Perkin-Elmer,
Switzerland) equipped with a liquid nitrogen-cooled HgCdTe (MCT)
detector. The p-polarized infrared beam was reflected from the SAM-
modified surface at an angle of 75° to the surface normal. The spectra
were generally averaged over 1024 scans with a resolution of 4 cm-1

and referenced to bare gold substrates. The variable-temperature
measurements were carried out in situ with a high-temperature accessory
(Harrick). The high-temperature accessory is a reactor used for high-
temperature IR measurements and is combined with a Perkin-Elmer
IR spectrometer. The accessory allows us to perform IR measurements
at high temperatures (400°C) as well as at a pressure of 2 atm. The
sample is heated at 1°C/min in a closed chamber with heating leads at
three different ends of the sample plate. The sample size is about 3 cm
× 1 cm. This is kept at the desired temperature for several minutes
before the spectrum is recorded. A heating pad spread over the entire
base is used to ensure uniform heating of the sample. Prior to the
experiment, the sample chamber and heating accessory was purged with
ultra-high-purity argon gas to maintain an inert atmosphere. The IR
spectral analysis was carried out with Spectrum 3.02 version (Perkin-
Elmer) software as well as Microcal Origin 6.0 software for data
analysis (Version 6.1052, Origin Lab Corp.).

Quartz Crystal Microbalance Studies. QCM is a powerful
technique to understand the adsorption behavior of organic molecules,
proteins, and other biomolecules on various substrates.24 Adsorption
characteristics like rate of adsorption, thickness of the film, and number
of molecules can be obtained from the frequency changes observed
during the adsorption process.24 The quartz crystal microbalance
measurements were carried out on a CHI400 EQCM. Quartz crystal
covered with gold sputtered on a Ti layer with a 7.995 MHz
fundamental frequency was used as the working electrode. The
electrodes were cleaned by rinsing with deionized water and kept in
ethanol for 10 min prior to use.

Atomic Force Microscopy. Atomic force microscopy (AFM)
measurements were carried out on a CP-II scanning probe microscope
(Thermomicroscopes). Silicon nitride probes coated with gold on one
side, having a spring constant of 0.1 N/m, were used. Topographical
features were obtained by contact mode imaging with 3µm × 3 µm
scale, and Proscan 1.7 version software was used for the analysis.

Electrochemical Studies.All the electrochemical studies were
carried out with a three-electrode setup, with modified gold as the
working electrode, platinum foil as the counterelectrode, and saturated
calomel as the reference electrode. Cyclic voltammetry measurements
were carried out at a scan rate of 0.05 V/s in the potential range of
-0.2 to 0.4 V in the presence of 0.1 M NaF as the supporting electrolyte
under inert atmosphere. Electrochemical accessibility studies were
carried out with 3 mM potassium ferrocyanide/3 mM potassium
ferricyanide in 0.1 M NaF. Impedance spectra were collected in the
frequency range of 100 kHz-100 mHz (Model 5210, EG&G Parc)
with 5 mV rms ac perturbation at 0.2 V DC bias.

Results and Discussion

The electrophoretic profiles of defatted zein at two different
concentrations show bands around 17 kDa, revealing that a large
percentage of the sample is in theR form. This agrees with the
previous reports15,27 on molecular weight distribution of com-
mercial zein samples.
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Quartz Crystal Microbalance Studies. The adsorption
characteristics of zein protein on hydrophilic and hydrophobic
substrates have been followed by QCM. Quartz resonators
coated with gold have been modified with undecanethiol and
11-mercaptoundecanoic acid and used as substrates for further
adsorption of zein. Figure 1 (top) shows the frequency change
observed during the adsorption of zein on hydrophobic surface
as a function of time. Initially the QCM frequency is stabilized
in presence of the solvent that is shown by the region a-b in
the figure. At point b, zein solution (0.05 w/v) in 2-propanol-
water mixture (3:1 by volume) is injected and the frequency
starts to decrease monotonically, as indicated by the region b-c.
The stable frequency after point c shows the completion of
adsorption. The frequency change can be correlated to the mass
change by use of the Saurbery equation. This relates the mass
change associated with the frequency change of a quartz crystal
resonator in the fundamental vibration mode. This equation can
be represented as

where∆f (hertz) is the frequency change observed on adsorption,

∆m is the mass change,f0 is the fundamental resonant frequency
of the crystal,A the area of the gold deposited on quartz,F is
the density of the crystal, andµ is the shear modulus of quartz.
All the parameters except∆m are constant for a given
environment and can be denoted asCf, the proportionality
constant. In the present study, the constant is observed to be
0.14 ng for a frequency change of 0.1 Hz. The frequency change
corresponding to the zein adsorption is observed to be 170 Hz.
This corresponds to the mass of adsorbed zein as 645.5 ng/cm2

(after correcting for real surface area of the Au surface)
calculated on the basis of the Sauerbery equation.28

Similarly, the frequency change for zein adsorption on
hydrophilic surfaces (MuDA SAMs; Figure 1, bottom) is
observed to be 165 Hz, which corresponds to a mass of 1033
ng/cm2. Though the frequency variation is similar, the mass
adsorbed is different due to different roughness associated with
the gold surfaces. The hydrophilic surfaces show higher
coverage than hydrophobic surfaces. The time scale associated
with the adsorption shows zein’s affinity toward hydrophilic
surfaces as compared to hydrophobic surfaces. The coverage
determined indicates that the protein possibly adopts different
orientations, resulting in different mass changes observed in the
QCM measurements. It should however, be pointed out that
stronger protein-surface interactions leading to denaturation of
the protein might result in low coverage. In the present studies,
denaturation of the protein occurs irrespective of whether the
surface is hydrophilic or hydrophobic, as revealed by the IR
spectroscopic studies.

The structure of zein monomer15 reveals that the size of the
helical cylinder responsible for the hydrophobic property is 16
nm × 4.6 nm. On the other hand, glutamine turns connecting
the helical structures that are responsible for the polar nature
have a size of 16 nm× 1.2 nm. The large footprint size of the
hydrophobic moiety hinders the adsorption of the zein monomer
with appreciable coverage. This is reflected in rate of adsorption
on hydrophobic surface being low as compared to the adsorption
on hydrophilic surface. The size of the hydrophilic moiety
(smaller footprint size) is small, which makes the interaction
facile and hence gives a fast rate of adsorption with high surface
coverage. This adsorption kinetics agrees with the reported
results based on SPR for zein monolayers on SAMs.29

Reflection Absorption Infrared Spectroscopy.The cover-
age data being different for hydrophilic and hydrophobic
surfaces shows that there is a difference in the orientation of
zein on the two surfaces. The noninvasive RAIRS technique
provides a direct method to understand the local information
on protein secondary structure and its arrangement of side groups
like tryptophan, tyrosine, phenylalanine, and other resi-
dues.18,20,21,30The band assignments are carried out based on
previous studies on zein films by FT-IR spectroscopy.18,20,21,30

The FT-IR spectrum of bulk zein in the transmittance mode is
given in the Supporting Information. Characteristic bands at
3308, 1660, 1535, 1447, 1238, and 700 cm-1 (Table 1)30 show
the presence of zein predominantly in theR-helix structure. The
broad nature amide I band shows the presence of other
conformers likeR-helix, â-sheet,â-turns, andâ-sheet with
intermolecular hydrogen bonding present in small fractions.20,21

The following discussion based on amide bands gives clear
information on conformational changes of protein molecules
on the different substrates.

Hydrophobic Surfaces. The RAIR spectrum of zein film
on a hydrophobic surface is given in Figure 2 (left side, spectrum
i). The bands at 3271 and 1622 cm-1 (amide I) are assigned to
N-H stretching and CdO stretching of the amide group. The

Figure 1. (Top panel) Frequency variation with time for zein
deposition on hydrophobic surfaces (undecanethiol SAM-modified
surfaces). Labels a-d are described in the text. The y-axis shows
the frequency change with respect to the fundamental frequency of
the crystal as the starting point. The frequency decrease associated
with increased mass is shown as the negative change in adsorption.
The x-axis shows the time scale associated with stabilization of
frequency as the starting point, before zein is injected. (Bottom panel)
Frequency variation with time for zein deposition on hydrophilic
surfaces (mercaptoundecanoicacid SAM-modified surfaces). Labels
a-d are described in the text. The y-axis shows the frequency change
with respect to fundamental frequency of the crystal as the starting
point. The frequency decrease associated with increased mass is
shown as the negative change in adsorption. The x-axis shows the
time scale associated with stabilization of frequency as the starting
point, before zein is injected.

∆f ) -(2f0
2/AxµF) ∆m ) -Cf∆m
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N-H out-of-plane deformation observed in the bulk is absent
for the film on hydrophobic surfaces. The broad hump around
1536 (amide II) and 1225 cm-1 can be assigned to C-N

stretching and N-H in-plane deformation31 modes. Other bands
corresponding to C-H vibrations 2920, 2852, and 1436 cm-1

and 835, 878, 1020 cm-1 (Figure 2, left side, spectrum ii)
corresponding to tyrosine, tryptophan, and phenylalanine are
also observed in the spectrum.21

Amide I Band.The 1600 cm-1 region of the RAIR spectrum
corresponds to the amide I band for zein. A strong band at 1622
cm-1 (Figure 2, left side, spectrum iii) indicates a large amount
of â structure in the form ofâ-sheet conformers associated with
the protein.20 Other conformers likeR-helix and â-turns are
present and can be inferred from shoulders at 1656 and 1675
cm-1 with relatively low intensity. The amide I stretching mode
shifting to a low frequency after adsorption clearly indicates
the denaturation involving the transformation ofR to â
structure.32 It is likely that the interaction of SAMs (methyl-

Table 1. IR Bands and Corresponding Assignments for Zein
Filmsa

origin wavelength (cm-1) assignment

amine 3308 N-H stretching
amide I 1660 CdO stretching, N-H wagging
amide II 1535 N-H in-plane bend, C-N stretch
aliphatic residues 1447 C-H bending
amide III 1238 N-H in-plane bend, C-N stretch
phenylalanine 997 ring breathing mode
tryptophan 880 indole ring
tyrosine 827 tyrosine residue
amine 700 N-H out-of-plane deformation

a Based on refs 21 and 30-32.

Figure 2. (Left panels) (i) RAIR spectrum of zein film on hydrophobic surface under ambient conditions. (ii) RAIR spectrum in the expanded
form (1800--800 cm-1). (iii, iv) Deconvoluted spectra for amide I and tyrosine bands respectively. (Right panels) RAIR spectrum of film on
hydrophilic surface under ambient conditions. (ii) RAIR spectrum in the expanded form (1800--800 cm-1). (iii, iv) Deconvoluted spectra for
amide I and tyrosine bands, respectively.
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terminated monolayers) with part of the amino acid residues is
responsible for the folding ofR-helix. According to the reported
structure,33 theR-helical structure of zein is highly hydrophobic
and rich in phenylalanine and tyrosine residues. The methyl
group of the SAMs interacts effectively with the residues in
theR-helix, which brings down the amount ofR-helix conform-
ers. The decrease inR-helix structure is compensated by the
increase inâ sheet at 1622 cm-1. This effectively buries the
tyrosine and phenylalanine residues in the SAM/zein composites.
It has been reported that the ratio of intensity of bands at 858
and 835 cm-1 is very sensitive to the interaction of tyrosine
with nearby groups.21 An increase in the ratio reveals that the
tyrosine residues are on the surface and vice versa. Figure 2
(left side, spectrum iv) shows the RAIR spectrum in the range
800-900 cm-1. The band at 837 cm-1 and the shoulder at 856
cm-1 correspond to the tyrosine residues, and the ratio of areas
of the two bands (856/837) obtained from deconvoluting the
spectrum works out to be 0.125. The small value indicates the
deeply buried nature of the tyrosine residues in the SAM
structure. In other words, the methyl-terminated monolayer
penetrates thorough theR-helical structure of the zein and leads
to the transformation ofR to â structure. On the whole, amide
I stretching band implies the denaturation and subsequent
transformation ofR to â structure.

Amide II Band.The amide II band observed in the RAIR
spectrum (bands at 1535 and 1520 cm-1) indicates the presence
of R and â structure with substantial amounts ofâ-sheet
conformer. Compared to the bulk spectrum, the band shifts to
a low-frequency value, confirming that the proteins are in a
denatured state.32

Amide III Band.Mizushima and co-workers35 have reported
that the band close to 1250 cm-1 is characteristic of the peptide
group (amide III band). This band generally splits into a series
of components in the region 1220-1350 cm-1, corresponding
to different conformers of the protein. The position and the
intensity of the band are extremely sensitive to structural
changes.30 In the bulk spectrum of zein (Supporting Informa-
tion), this band shows a series of peaks at 1238, 1278, 1310,
and 1340 cm-1. The band at 1238 cm-1 is responsible for the
â-structure, while the bands at high wavenumbers correspond
to theR-helix. After adsorption of zein protein (Figure 2, left
side, spectrum ii), an increase in the intensity of the 1238 cm-1

band with a shift from 1238 to 1222 cm-1 is observed showing
the presence of a substantial amount ofâ-structure in the zein.
The amount ofR-helix structure being relatively small can be
inferred from the small shoulder at 1272 cm-1.

The above discussion reveals that zein adsorption on hydro-
phobic surface affects theR-helix structure to a large extent
and subsequent transformation toâ-sheet structure.

Hydrophilic Surfaces. Figure 2 (right side, spectrum i) shows
the RAIR spectrum of zein deposits on hydrophilic surfaces
(carboxyl-terminated SAMs). The spectral features are observed
to be different from the spectrum observed for zein on
hydrophobic surfaces. The amide I band (1624 cm-1) is shifted
from the bulk value showing the denaturation of the protein.32

The shoulders observed at 1677 and 1689 cm-1 (Figure 2, right
side, spectrum iii) that are absent in the hydrophobic case
indicate the amount ofR-helix structures being large on the
hydrophilic substrate. This reveals that the conformation adopted
by the zein molecule is different on the two surfaces. The amide
II and III bands reveal the intensity decrease in theâ-sheet
structure after adsorption. The bands at 840, 868, 974, and 1007
cm-1 (Figure 2, right side, spectrum ii) corresponding to free
tyrosine, and phenylalanines are clearly observed in the present

case. Figure 2 (right side, spectrum iv) shows the RAIR
spectrum in range 800-900 cm-1. It is clear that the band at
840 cm-1 due to tyrosine residues is broad. The ratio of the
areas of the two component observed at 838 and 858 cm-1 is
2.3, indicating that the tyrosine residues are present at the
surface. Hence, theR-helical structure is preserved and trans-
formation to â structure is not substantial in this case. This
supports that the interaction of the SAMs with these residues
is not intense and hence the associated bands are not deeply
buried inside the zein/SAMs. This is clear evidence for the
different interaction modes on the hydrophilic SAMs where the
conformation of the protein is different. In this case, the
interaction is through the glutamine turns of the zein with the
carboxyl group of the SAMs. The absence of a band at 1608
cm-1 that is responsible for the scissoring mode of glutamine
residues agrees with this argument. Since the interaction is
through the glutamine turns that are hydrophilic in nature, the
hydrophobic part of zein (theR-helical structure) is not altered
in the present case as compared to the hydrophobic surfaces.

Thus, the RAIRS studies bring out the effect of substrate
wettability on the conformation adopted by the zein molecule
under ambient conditions. Zein when adsorbed on hydrophobic
surface experiences a substantial transformation ofR-helix
structure toâ-sheet form, and this transformation is not observed
when zein is adsorbed on hydrophilic surfaces.

Electrochemical Characterization. Electrochemical tech-
niques are very effective in assessing the quality of thin films
on conducting surfaces.35-38 The integrity and packing of zein
films have been followed using cyclic voltammetry and imped-
ance measurements. Adsorbed zein films on gold surfaces act
as a barrier and block the Faradaic process between a diffusing
species and the electrode surface. The defects associated with
the films can be quantitatively assessed from the current
response in the voltammetry by calculating the heterogeneous
rate constant associated with the Faradaic process.39 Figure 3
shows cyclic voltammograms of the modified and unmodified
Au electrode in the presence of 3 mM [Fe(CN)6]4-/3- redox
couple in 0.1 M NaF supporting electrolyte. A reversible redox
response for the bare Au electrode is clearly observed (Figure
3a). The voltammograms for the zein/SAM-modified electrodes
show excellent blocking behavior as revealed by the observed
low currents flowing in the cell. The zein-modified surface on
a hydrophilic SAM (Figure 3c) shows better blocking behavior
than that adsorbed on a hydrophobic surface (Figure 3b),

Figure 3. Cyclic voltammograms of 3 mM potassium ferrocyanide/
potassium ferricyanide in 0.1 M NaF supporting electrolyte on (a) bare
gold surface, (b) zein deposit on hydrophobic monolayer, and (c) zein
deposit on hydrophilic monolayer.
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revealing good packing and different arrangement of zein
molecules on hydrophilic surfaces. The heterogeneous rate
constant values calculated by the procedure reported by Krysin-
ski and Smolska40 are shown in Table 2. It is clearly observed
that the hydrophilic surfaces show lower rate constants than
that observed on hydrophobic surfaces due to the highly
blocking hydrophilic surface. Impedance measurements have
been carried out to follow the charge-transfer resistance for the
reaction involving the ferrocyanide/ferricyanide redox couple.38,41

The Nyquist plot for the bare electrode shows a small semicircle
in the high-frequency region followed by a straight line in the
low-frequency region oriented at 45°, showing that the process
is diffusion-controlled (Figure 4, top). The zein/SAM-modified
electrode shows a large semicircle in the entire frequency region
[Figure 4 bottom (i, ii)]. The charge-transfer resistance associ-
ated with the modified hydrophilic and hydrophobic surfaces
are determined to be 7.5× 104 and 6× 103 Ω cm2, and the

rate constant values have been determined to be 7.09× 10-6

and 8.8× 10-5 cm s-1, respectively.
The barrier property of organic thin films can also be

estimated by correlating the defects with impedance parameters42

from the ac studies. It has been reported that the measurement
of phase angle at low frequencies, where the ion diffusion
occurs, gives the quality of the thin films in terms of defects
and pinholes.43,44 The phase angle observed for the modified
hydrophilic surface is 82°, while the adsorption on the hydro-
phobic surface shows a phase angle of 73° at 1 Hz frequency
(Supporting Information). This substantiates the better adsorption
of zein on the hydrophilic surface, with a large number of
molecules with smaller defects, compared to the adsorption on
hydrophobic surfaces. Zein film on the SAM surface can be
thought of as a combination of electrode-SAM and SAM-
zein interfaces in series. Hence the capacitance associated with
modified surface will be

By knowing the total capacitance of the system from the

Table 2. Heterogeneous Electron-Transfer Rate Constant for
[Fe(CN)6]3-/4- Couple on Zein Deposits on Modified Monolayers
on Gold Surfacea

heterogeneous rate constant (cms-1)

temp
(°C)

gold modified
with C11SH/zein (10-4)

gold modified with
MuDA/zein (10-5)

25 2.3 1.3
35 4.1 1.6
45 3.3 3.2
55 3.1 4.4
65 4.1 (1.2) 5.4 (1.55)
75 5.2 (1.5) 6.3 (1.6)

a Rate constants have been calculated on the basis of cyclic voltam-
metry via the procedure reported by Krysinski and Smolska.40 Values in
parentheses are calculated at room temperature after the system is cooled
from the corresponding high temperature.

Figure 4. (Top panel) Impedance (Nyquist) plots for bare gold
electrode in 3 mM potassium ferrocyanide/potassium ferricyanide in
0.1 M NaF as the supporting electrolyte. (Bottom panel) Impedance
(Nyquist) plots of zein deposits on (i) hydrophobic monolayer and (ii)
hydrophilic monolayer. The electrolyte used is 3 mM potassium
ferrocyanide/ferricyanide in 0.1 M NaF as the supporting electrolyte.

Figure 5. (Top panel) AFM image obtained for zein deposits on
undecanethiol monolayer formed on Au(111) surface. Image size is
3 × 3 µm and scan speed is 1 Hz. (Bottom panel) AFM image
obtained for zein deposits on 11-mercaptoundecanethiol monolayer
on Au(111) surface. Image size is 3 × 3 µm and scan speed is 1 Hz.

(CSAM-zein)
-1 ) (CSAM)-1 + (Czein)

-1
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electrochemical measurements and the capacitance value of the
SAM (obtained from known parameters for an ordered SAM),
it is possible to evaluate the capacitance associated with zein
film. The dielectric constant (ε) of the zein protein has been
calculated to be 22( 3. The reported value for the dielectric
constant of zein based on conductivity measurements is 32.45

Atomic Force Microscopy. Surface topography of zein
deposits on hydrophilic and hydrophobic SAMs has been
investigated by atomic force microscopy. All images are taken
in contact mode with 3× 3 µm size in dry state. The roughness
of the bare gold surface calculated on the basis of the root-
mean-square deviation from the average height is observed to
be 1.54 nm (Supporting Information). Au modified with C11-
SH SAM (hydrophobic surfaces) shows grains of sizes 150-
175 nm, and the average surface roughness is observed to be
4.5 nm. On the other hand, the MuDA-modified Au (hydrophilic
surfaces) is relatively smooth with uniform particle distribution
and the grain size varies from 55 to 85 nm (Supporting
Information) and the surface roughness is observed to be 1.65
nm. After the zein adsorption, the topography of both surfaces
changes. The zein deposits on hydrophobic surfaces (Figure 5,
top) show uniformly distributed structures and the roughness

is observed to be 1.35 nm. This is almost 3 times less than that
observed on the base SAM. On the contrary, zein deposits on
a hydrophilic surface (Figure 5, bottom) show circular and
cylinderlike structures with 25 nm heights. The surface rough-
ness is calculated to be 4.7 nm, which is 3 times higher than
the corresponding base monolayer. The topography also shows
disc- and wormlike features as indicated by the arrows in Figure
5 (bottom). The features may be the units for the formation of
cylinderlike structures with large diameters of 200 nm.46,47The
tall features stem from the orientation of the zein molecules
perpendicular to the surface based on the interaction through
the glutamine strands (at the base of the protein). When the
adsorption occurs on hydrophobic surfaces, the zein molecules
lie flat on the surface with the walls of the cylinders interacting
with the SAM. Hence the surface appears to be different. The
above results are consistent with the fact that the zein molecule
adopts conformational changes that depend on the wettability
of the substrate.

Thermal Stability on Hydrophobic Surfaces.The stability
of zein deposits under thermal perturbations has been followed
by RAIR spectroscopy. The spectra (Figure 6, top) show a

Figure 6. RAIR spectra of zein protein deposits on (top panel) hydrophobic and (bottom panel) hydrophilic surface at various temperatures.
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relative decrease in the intensity of the 1622 cm-1 band
(indicated by dotted lines) due toâ structure without any
appreciable shift in the wavenumber. This decrease in the
intensity may be attributed to the following. As the temperature
rises, effective interaction between SAM and zein molecules
through the residues in theR-helix structures decreases. This
results in the tyrosine and phenylalanine residues coming to
the surface from the deeply buried state. This is inferred from
the increase in the intensity ratio of bands at 858 and 835
cm-1(indicated by dotted lines). The sharp increase in the
intensity of the C-H bending bands around 1455 cm-1 also
supports the fact that interaction with methyl-terminated SAMs
and the functional groups are reduced as the temperature is
increased. The protein starts to reorient by refolding toward the
nativelike state, that is,R-helix structure.18 This agrees with
the reported results that dissociation of zein aggregates at high
temperature increases theR-helix content.20 The intensity of the
band at 1520 cm-1 corresponding toâ-sheet increases and shifts
to low frequencies (1512 cm-1). Correspondingly, the band due
to R-helix at 1535 cm-1 (as shown by dotted lines) shows an
increase in intensity with increasing temperature. This accounts
for the dissociation of zein aggregates due to reduced interaction
with methyl termini that reorients the protein structure inR-helix
form. Hence, as the temperature increases, some fraction of
â-sheet structure gets converted intoR-helix form. The variation
of amide III band clearly shows the conformational changes
associated with monolayer orientation. The band at 1222 cm-1

shifts to 1210 cm-1 (as shown by dotted lines) with a
concomitant decrease in the intensity revealing that theâ-struc-
ture starts to degrade and undergoes conformational changes.
Subsequently, the shoulder observed under ambient conditions
at 1272 cm-1 (as indicated by dotted lines) grows into a clear
peak at 1263 cm-1. This corresponds to the formation ofR-helix
structure in zein.

Hydrophilic Surfaces. Conformational changes associated
with the zein deposits are different in the case of hydrophilic
surfaces (Figure 6, bottom). The amide I band at 1622 cm-1

decreases in intensity and shifts to low frequencies, showing
that there occurs a reorientation of theâ-structure. But the
decrease in intensity is small when compared to the intensity
variation observed on hydrophobic surfaces. The band related
to R-helix structure is observed as a shoulder at 1661 cm-1 under
ambient conditions, indicating that an appreciable amount of
R-helix structure is present in the deposits. This emphasizes the
effect of surface wettability on the conformation changes
associated with the adsorbed protein. As the temperature
increases, the band at 1622 cm-1 starts to develop as a shoulder
at 1604 cm-1, bringing out the presence of free glutamine turns
and thus implying reduced interaction of zein with the SAMs.
The band related to theR-helix structure is observed as shoulder
at 1661 cm-1 at temperatures above 90°C and is a clear
indication of the facile transformation ofR-helix structure at
the expense of already existingâ-sheet structure. This band is
not observed in the case of zein deposits on hydrophobic
surfaces. The amide III band also confirms this trend. The band
at 1220 cm-1 under ambient conditions forâ-structure is reduced
in intensity as the temperature is increased. Accordingly, the
band at 1262 cm-1 attributed to theR-helix structure increases
monotonically after about 120°C. The refolding of zein protein
to nativelikeR-helix structure is supported by the substantial
increase in the intensity of the band for free tyrosine and
phenylalanine residues (840, 868, 974, and 1007 cm-1) that are
responsible for folding toR-helix structure. By and large, the
adsorption of zein on hydrophobic as well as hydrophilic

surfaces leads to denaturation accompanied by the transforma-
tion of R-helix to â-sheet structure. The stability of the zein
deposits is found to be good on the basis of few changes
observed in the RAIR spectrum after 1 week of adsorption.

Thermal Stability of Zein Deposits on SAMs in Wet
Conditions. Electrochemical measurements based on the block-
ing behavior of the SAMs assert the quality and order of the
zein-based films, and this property has been used to follow the
defects introduced by temperature perturbations. Figure 7 (top)
shows the plot of current density (at the formal potential of
[Fe(CN)6]4-/3-, 0.2 V) versus temperature for the zein protein
adsorbed on hydrophobic SAM-modified gold electrode pre-
pared from undecanethiol. As the temperature is increased, a
steady increase in the current density is observed, revealing that
the packing becomes less dense as a function of temperature.
Another point to be noted here is that the protein arrangement
on SAM surface is reversed when the temperature is brought
back to 25°C. The points on curve b show the current density
measured at 25°C after an increase in the corresponding
temperature shown on thex-axis. It is clear from the figure that
even after the monolayer is heated up to 75°C, the current
density returns to the original value observed under ambient

Figure 7. (Top panel) Temperature dependence of currents for zein
deposits on hydrophilic SAM-modified electrode (a) observed in the
presence of 5 mM potassium ferrocyanide/ferricyanide and 0.1 M NaF
as the supporting electrolyte. The points on curve b show the data at
room temperature after cooling the system was cooled from the
corresponding high temperature shown on the -x-axis. The solid lines
are only guidelines to the eye. (Bottom panel) Temperature depen-
dence of currents for zein deposits on hydrophobic SAM-modified
electrode (a) observed in the presence of 5 mM potassium ferrocya-
nide/ferricyanide and 0.1 M NaF as the supporting electrolyte. The
points on curve b show the data at room temperature after the system
is cooled from the corrresponding high temperature shown on the
-x-axis. The solid lines are only guidelines to the eye.
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conditions. Similar behavior (Figure 7, bottom) is observed for
zein films adsorbed on SAMs prepared from mercaptounde-
canoic acid except that the current density is lower than that
observed in the former case. Here again the protein arrangement
is reversed when the temperature is brought back to 25°C after
thermal perturbations. The rate constant values (Table 2)
increase with increasing temperature for both the deposits with
the values 1 order higher on hydrophobic surfaces as compared
to the film on hydrophilic surfaces. This clearly brings out the
high affinity of zein for hydrophilic surfaces, leading to a
compact arrangement with high surface coverage and stability.
The structure of zein after adsorption on hydrophilic monolayer
comparatively does not get altered much and the structure is
conformationaly stable.

Summary. Zein shows better affinity toward hydrophilic
surfaces than hydrophobic surfaces. The RAIR studies show
the conformation changes of the protein leading to denaturation
under ambient conditions. The adsorption modes and confor-
mational changes are different for hydrophilic and hydrophobic
surfaces. Thermal perturbations in the dry state induce refolding
of the protein structure toward nativelike state. Under wet
conditions, the zein deposits are stable and show reversibility
of conformational changes as a function of temperature. The
zein molecule adopts close to a perpendicular orientation on a
hydrophilic surface, while on a hydrophobic surface it seems
to be almost flat. The studies described here may open up
possibilities of using zein as a protective, impermeable coating
for food packaging, wherein different conditions such as
hydrophilic and hydrophobic surfaces may be required to store
edible materials.
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