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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 a-helix to S-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 Scheme 1. Structure of Zein Monomer (after Reference 15)

Enzymes and proteins often show specific adsorption on
surfaces, and the interactions are generally governed by charge-
based and hydrophobic forckslonspecific interactions involv-
ing proteins are of interest in applications such as immunoas-
says? biofouling? and biocompatibility. Adsorption characteristics
of proteins and enzymes are fundamentally important to
appreciate relaxation characteristics, unfolding, footprint, and 160A
coverage~’ Additionally, protein molecules having hydrophilic
and hydrophobic moieties may change their conformation upon  Spectroscopic studies on the zein films concerning stability,
adsorption on surfaces of different wettabfiThe mechanism  degradability, and interactions with plasticizers have been
of adsorption of globular proteins at solid/water interfaces has reported earliet®1°Fourier transform infrared spectroscopy (FT-
been reported in detdi? IR)2% and Raman spectroscapyhave been used extensively to

Cereal proteins are used as encapsulates for foods,'* follow conformational changes associated with zein films.
and extruded products by plasticizing with fatty acids or ligfls.  Raman spectroscopic studies on zein films have been reported
Zein is a prolamine of maize and it has attracted attention to monitor the thickness and evaluate the ability of the film
because of its potential applications as an industrial biopoly- performance as a food-protecting ag&#ein protein is neither
mer* Zein is classified as a globular protein containing alarge sojuble in pure water nor in alcohol since it contains both
fraction of nonpolar amino acid$. The structure of zein as hydrophilic and hydrophobic character according to the model
reported by Matsushima et df.based on small-angle X-ray  ,ron0sed by Matsushima et &I The average hydrophobicity
scattering (SAXS), contains 10 successive helical segmentsys,ein s reported to be 50 times larger than albumin, fibrinogen,

folded upon each other in an antiparallel fashion stabilized by ot 404 hence a higher percentage of alcohol/agueous mixture
hydrogen bonds. The helical segments are linked at each endg o jired for dispersion of zefi.The solvent that is used in

by glutamine-rich turns or loops (Scheme 1). Zein has been the . .
o - present study is 75% (by volume) 2-propanol in water as
used to produce novel polymeric films that are biodegradéble reported in the literaturé

and can be used as a coating to protect food materials from . _

spoilage!® Zein films can replace commercial coating agents !t is important to qnderstand t.h.e characteristics of adsgrbed
like carnauba wax and shellac inside food packets. The Z€iN f!lm in term; of |t§ permeability to small mplecules, since
properties of the films, like biodegradability, mechanical proper- this biopolymer is projected to be a good coating material for
ties, water absorption and barrier properties, etc., largely depend©0d packaging. Additionally, the hydrophilic and hydrophobic
on the interaction between proteins, plasticizers, and otheresidues on the protein surface may play a large role in

functional group<é and monolayers are good models to study determining the orientation of the protein when adsorbed on
their properties” surfaces with controlled wettability. The change in orientation

is expected to result in surfaces with controlled characteristics
* Author to whom correspondence should be addressed. E-mail: that could be used for a variety of applications. In the present
sampath@ipc.iisc.eret.in. study, we have adsorbed zein on hydrophilic and hydrophobic
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surfaces and show that the permeability of the film varies SAM, the pH of the aqueous phase used to prepare the solvent for
depending on the orientation of the protein on the surface. The zein is adjusted to pk 4 with chloroacetic acid. At this acidic pH, it
importance of interactions of zein with polar and nonpolar is expected that the carboxylic acid functional groups of the SAM will
functional groups is brought out in the context of fatty acids be in the undissociated form. The interaction of the carboxylic acid
and lipids being used for making biopolymer films of zein for ~nd groups with the glutamine residues of zein may thus be favored.
industrial applications. This information may prove to be very Though itis not truly a hydrophilichydrophilic interaction as in an
useful in the fabrication of zein films toward biodegradable, 29ueous medium, it is expected that the COOH groups will interact
edible, preservative coatings for food materials. A variety of With the glutamine residues in the mixed solvent of wagpropanol.
techniques including quartz crystal microbalance (QCM), reflec- Reflection Absorption Infrared Spectroscopy.RAIR spectra_were
tion absorption infrared (RAIR), atomic force microscopy recorded on a FT-IR spectrometer (Spectum GX, Perkin-Elmer,
(AFM), and electrochemical techniqéé&s have been used to Switzerland) equpe_d Wlt_h a liquid nitrogen-cooled HgCdTe (MCT)
understand the adsorption behavior of zein. Thermal stability d€t€ctor. The p-polarized infrared beam was reflected from the SAM-
and orientation changes associated with zein deposits have beef[l0dified surface at an angle of 76 the surface normal. The spectra
monitored by RAIR spectroscopy based on the changes associ-were generally averaged over 1024 scans with a res_olqun of 4 cm
ated with the amide stretching modes. and referenced to barg gold _supstrgtes. 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-
Experimental Section temperature IR measurements and is combined with a Perkin-Elmer
IR spectrometer. The accessory allows us to perform IR measurements
Chemicals. Mercaptoundecanoic acid [SH(GCOOH, 99.98%, at high temperatures (40@) as well as at a pressure of 2 atm. The
Aldrich] and undecanethiol [CHICH,)1:SH, 99.98%, Aldrich] were sample is heated at°C/min in a closed chamber with heating leads at
purchased and used without further purification. Potassium ferricyanide three different ends of the sample plate. The sample size is about 3 cm
(99.9%), potassium ferrocyanide (99.9%, SD Fine Chemicals), sodium X 1 cm. This is kept at the desired temperature for several minutes
fluoride (99.8%, Merck), ethanol (99.99%), 2-propanol (99%, SD Fine before the spectrum is recorded. A heating pad spread over the entire
Chemicals) were used as received. Zein (from maize) was purchasedPase is used to ensure uniform heating of the sample. Prior to the
from Sigma and defatted by the procedure given below. Double-distilled €xPeriment, the sample chamber and heating accessory was purged with
water was used wherever required. ultra-high-purity argon gas to maintain an inert atmosphere. The IR

spectral analysis was carried out with Spectrum 3.02 version (Perkin-

on the basis of a reported procedéfté\ definite volume of ethanolic ~ E/Mer) software as well as Microcal Origin 6.0 software for data
solution of zein was kept in a rotary evaporator until all the ethanol analysis (Version 6-1952, Origin Lab C.orp_)_ .
was evaporated. A known volume of HPLC-grade hexane was then Quartz Crystal Microbalance Studies. QCM is a powerful
added to it, the mixture was filtered, and the remaining hexane was technique to understand the adsorption behavior of organic molecules,
evaporated in a rotary evaporator. This process was repeated at leasproteins, and other biomolecules on various substfatasisorption
three times till no fat was detected in the filtrate. characteristics like rate of adsorption, thickness of the film, and number
To check the purity of defatted zein, sodium dodecyl sutfate ©f molecules can be obtained from the frequency changes observed
polyacrylamide gel electrophoresis (SDBAGE) was carried out in ~ during the adsorption proceds.The quartz crystal microbalance
an SDS-12% polyacrylamide gel. Buffer containing 49 mM Tris, 384 ~Measurements were carried out on a CHI400 EQCM. Quartz crystal
mM glycine, and 0.1% (w/v) SDS at pH 8.5 was used to run the gel covered with gold sputtered on a Ti layer with a 7.995 MHz
electrophoresis. Coomassie blue staining was used for detection offundamental frequency was used as the working electrode. The
polypeptides. Molecular masses of SBIBAGE standards ranged from electrodes were cleaned by rinsing with deionized water and kept in

Purification of Zein. Commercial zein was defatted with hexane,

10 to 90 kDa. ethanol for 10 min prior to use.
Substrate Preparation. Highly oriented (111) gold surface was Atomic Force Microscopy. Atomic force microscopy (AFM)
prepared by resistive thermal evaporation of gold (152000 A measurements were carried out on a CP-Il scanning probe microscope

thickness) on fine-quality mica sheets. The powder XRD data confirmed (Thermomicroscopes). Silicon nitride probes coated with gold on one
the formation of oriented (111) phase. The roughness factor defined Side, having a spring constant of 0.1 N/m, were used. Topographical
as the ratio of the real surface area to the geometric area of the Aufeatures were obtained by contact mode imaging witm8x 3 um
surface was determined to be 1.5 for the as-deposited gold, based orscale, and Proscan 1.7 version software was used for the analysis.
oxide stripping in 0.5 M HSQ,. The gold surfaces were flame-annealed Electrochemical Studies.All the electrochemical studies were
in an acetyleneoxygen flame and subsequently washed with ethanol carried out with a three-electrode setup, with modified gold as the
before use. working electrode, platinum foil as the counterelectrode, and saturated
Monolayer Formation: Adsorption of Carboxyl-Terminated Self-  calomel as the reference electrode. Cyclic voltammetry measurements
Assembled Monolayerstydrophilic surfaces were prepared by adsorp- Were carried out at a scan rate of 0.05 V/s in the potential range of
tion of mercaptoundecanoic acid (MuDA) on oriented gold surfaces. —0.2to 0.4V in the presence of 0.1 M NaF as the supporting electrolyte
The gold substrates were immersed in 1 mM solution of mercaptoun- under inert atmosphere. Electrochemical accessibility studies were
decanoic acid in ethanol for 12 h and subsequently washed with a carried out with 3 mM potassium ferrocyanide/3 mM potassium
copious amount of solvent. The modified surfaces were dried in argon ferricyanide in 0.1 M NaF. Impedance spectra were collected in the
and used for further studies. frequency range of 100 kHzZ100 mHz (Model 5210, EG&G Parc)
Adsorption of Methyl-Terminated Self-Assembled Monolay#ys. with 5 mV rms ac perturbation at 0.2 V DC bias.
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 Results and Discussion
and dried in argon gas. . . . .
Zein Adsorption on Modified Substratde self-assembled mono- The electrophoretic profiles of defatted zein at two different

layer- (SAM-) modified gold surfaces were immersed in 0.05% (w/v) concentrations show bands around 17 kDa, revealing that a large
zein in 2-propanotwater (3:1 by volume) mixture fo2 h and percentage of the sample is in thdorm. This agrees with the
subsequently rinsed with the solvent to remove loosely bound zein previous reporf®2” on molecular weight distribution of com-
molecules. In the case of zein adsorption on carboxylic acid-terminated mercial zein samples. CDV
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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.

Quartz Crystal Microbalance Studies. The adsorption

Subramanian and Sampath

Amis the mass changg,is the fundamental resonant frequency
of the crystal A the area of the gold deposited on quapis

the density of the crystal, andis the shear modulus of quartz.
All the parameters excepAm are constant for a given
environment and can be denoted @s 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 hg/cm
(after correcting for real surface area of the Au surface)
calculated on the basis of the Sauerbery equafion.

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/cn?. 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 proteirrsurface 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 monomémreveals that the size of the
helical cylinder responsible for the hydrophobic property is 16
nm x 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 nnx 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.

Reflection Absorption Infrared Spectroscopy.The cover-
age data being different for hydrophilic and hydrophobic

characteristics of zein protein on hydrophilic and hydrophobic Surfaces shows that there is a difference in the orientation of
substrates have been followed by QCM. Quartz resonatorsZ€in on the two surfaces. The noninvasive RAIRS technique
coated with gold have been modified with undecanethiol and provides a direct method to understand the local information
11-mercaptoundecanoic acid and used as substrates for furthePn Protein secondary structure and its arrangement of side groups
adsorption of zein. Figure 1 (top) shows the frequency changelike tryptophan, tyrosine, phenylalanine, and other resi-
observed during the adsorption of zein on hydrophobic surface duest®**?-3The band assignments are carried out based on
as a function of time. Initially the QCM frequency is stabilized Previous studies on zein films by FT-IR spectroscépsp.2°

in presence of the solvent that is shown by the regieb &
the figure. At point b, zein solution (0.05 w/v) in 2-propanol

The FT-IR spectrum of bulk zein in the transmittance mode is
given in the Supporting Information. Characteristic bands at

water mixture (3:1 by volume) is injected and the frequency 3308, 1660, 1535, 1447, 1238, and 700 €rfTable 1j° show

starts to decrease monotonically, as indicated by the regian b

the presence of zein predominantly in tiidnelix structure. The

The stable frequency after point ¢ shows the completion of broad nature amide | band shows the presence of other
adsorption. The frequency change can be correlated to the mas§onformers likea-helix, S-sheet,f-turns, andj-sheet with
change by use of the Saurbery equation. This relates the masdtermolecular hydrogen bonding present in small fractféi.
change associated with the frequency change of a quartz crystaill he following discussion based on amide bands gives clear
resonator in the fundamental vibration mode. This equation can information on conformational changes of protein molecules

be represented as

Af = —(2f 7 1AV 1p) Am= —C,Am

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 ch{amide |) are assigned to

whereAf (hertz) is the frequency change observed on adsorption, N—H stretching and €O stretching of the amide group. TfteDV
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Table 1. IR Bands and Corresponding Assignments for Zein

Films2
origin wavelength (cm—1) assignment
amine 3308 N—H stretching
amide | 1660 C=0 stretching, N—H wagging
amide Il 1535 N—H in-plane bend, C—N stretch
aliphatic residues 1447 C—H bending
amide Il 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

2 Based on refs 21 and 30—32.
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stretching and N-H in-plane deformatiof modes. Other bands
corresponding to €H vibrations 2920, 2852, and 1436 cin
and 835, 878, 1020 cm (Figure 2, left side, spectrum ii)
corresponding to tyrosine, tryptophan, and phenylalanine are
also observed in the spectrifih.

Amide | BandThe 1600 cm region of the RAIR spectrum
corresponds to the amide | band for zein. A strong band at 1622
cm (Figure 2, left side, spectrum iii) indicates a large amount
of § structure in the form gf-sheet conformers associated with
the proteir?® Other conformers likex-helix and-turns are
present and can be inferred from shoulders at 1656 and 1675
cm~1 with relatively low intensity. The amide | stretching mode

N—H out-of-plane deformation observed in the bulk is absent shifting to a low frequency after adsorption clearly indicates
for the film on hydrophobic surfaces. The broad hump around the denaturation involving the transformation of to

1536 (amide 1) and 1225 cm can be assigned to-E@N
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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 | and tyrosine bands respectively. (Right panels) RAIR spectrum of film on
hydrophilic surface under ambient conditions. (i) RAIR spectrum in the expanded form (1800——800 cm~1). (iii, iv) Deconvoluted spectra for
amide | and tyrosine bands, respectively.
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terminated monolayers) with part of the amino acid residues is 60 -

responsible for the folding af-helix. According to the reported {a)
structure?®® the a-helical structure of zein is highly hydrophobic 40 /\
and rich in phenylalanine and tyrosine residues. The methyl \
group of the SAMs interacts effectively with the residues in 20 S

the a-helix, which brings down the amount afhelix conform-

ers. The decrease im-helix structure is compensated by the
increase inj sheet at 1622 cm. 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

Current {pA)
o
1
E

-20 4 \

and 835 cm? is very sensitive to the interaction of tyrosine /

with nearby group8! An increase in the ratio reveals that the 40+ \u

tyrosine residues are on the surface and vice versa. Figure 2

(left side, spectrum iv) shows the RAIR spectrum in the range -60 T T T r
800—-900 cnt!. The band at 837 cnt and the shoulder at 856 0.6 0.4 0.2 0.0 -0.2
cm! correspond to the tyrosine residues, and the ratio of areas Potential (V)

of the two bands (856/837) obtained from deconvoluting the Figure 3. Cyclic voltammograms of 3 mM potassium ferrocyanide/
spectrum works out to be 0.125. The small value indicates the potassium ferricyanide in 0.1 M NaF supporting electrolyte on (a) bare
deeply buried nature of the tyrosine residues in the SAM gold st_m‘ace, (b) zem'deposn on hydrophobic monolayer, and (c) zein
structure. In other words, the methyl-terminated monolayer 94ePOSit on hydrophilic monolayer.

penetrates thorough tlhehelical structure of the zein and leads
to the transformation of to § structure. On the whole, amide

| stretching band implies the denaturati d sub t X : . ;
strerching bant Implies e denaturation and subsequen 840 cnr?! due to tyrosine residues is broad. The ratio of the

transformation of to § structure. )
p areas of the two component observed at 838 and 858 @n

Amide Il Band.The amide Il band observed in the RAIR o : :
N~ 2.3, indicating that the tyrosine residues are present at the
spectrum (bands at 1535 and 1520 ¢pindicates the presence surface. Hence, the-helical structure is preserved and trans-

of a and § structure with substantial amounts fFsheet formation tof structure is not substantial in this case. This

conformer. Compared to the_ bu.lk spectrum, the pand shnfts to supports that the interaction of the SAMs with these residues
a low-frequency value, confirming that the proteins are in a is not intense and hence the associated bands are not deeply
denatured staté. buried inside the zein/SAMs. This is clear evidence for the

Amide Ill Band.Mizushima and co-workefshave reported  gifferent interaction modes on the hydrophilic SAMs where the
that the band close to 1250 cfnis characteristic of the peptide  conformation of the protein is different. In this case, the
group (amide Ill band). This band generally splits into a series jnteraction is through the glutamine turns of the zein with the
of components in the region 1220350 cn?, corresponding  carboxyl group of the SAMs. The absence of a band at 1608
to different conformers of the protein. The pOSition and the cm1that is responsib|e for the Scissoring mode of g|utamine
intensity of the band are extremely sensitive to structural residues agrees with this argument. Since the interaction is
changes? In the bulk spectrum of zein (Supporting Informa-  through the glutamine turns that are hydrophilic in nature, the
tion), this band shows a series of peaks at 1238, 1278, 1310,hydrophobic part of zein (the-helical structure) is not altered
and 1340 cm’. The band at 1238 cni is responsible for the  in the present case as compared to the hydrophobic surfaces.
p-structure, while the bands at high wavenumbers correspond  Thys, the RAIRS studies bring out the effect of substrate
to theo-helix. After adsorption of zein protein (Figure 2, left  \etability on the conformation adopted by the zein molecule
side, spectrum ii), an increase in the intensity of the 1238'cm  ,nqer ambient conditions. Zein when adsorbed on hydrophobic
band with a shift from 1238 to 1222 crhis observed showing  gyrface experiences a substantial transformatioroielix

the presence of a substantial amoungedtructure in the zein.  girycture tg8-sheet form, and this transformation is not observed
The amount ofx-helix structure being relatively small can be  \yhen zein is adsorbed on hydrophilic surfaces.
inferred from the small shoulder at 1272cm Electrochemical Characterization. Electrochemical tech-
The above discussion reveals that zein adsorption on hydro-piques are very effective in assessing the quality of thin films
phobic surface affects the-helix structure to a large extent gn conducting surface$:28 The integrity and packing of zein
and subsequent transformationfiesheet structure. films have been followed using cyclic voltammetry and imped-
Hydrophilic Surfaces. Figure 2 (right side, spectrum i) shows ance measurements. Adsorbed zein films on gold surfaces act
the RAIR spectrum of zein deposits on hydrophilic surfaces as a barrier and block the Faradaic process between a diffusing
(carboxyl-terminated SAMs). The spectral features are observedspecies and the electrode surface. The defects associated with
to be different from the spectrum observed for zein on the films can be quantitatively assessed from the current
hydrophobic surfaces. The amide | band (1624 ¥nis shifted response in the voltammetry by calculating the heterogeneous
from the bulk value showing the denaturation of the protéin. rate constant associated with the Faradaic proeSgure 3
The shoulders observed at 1677 and 1689%figure 2, right shows cyclic voltammograms of the modified and unmodified
side, spectrum iii) that are absent in the hydrophobic case Au electrode in the presence of 3 mM [Fe(GN)”®~ redox
indicate the amount ofi-helix structures being large on the couple in 0.1 M NaF supporting electrolyte. A reversible redox
hydrophilic substrate. This reveals that the conformation adoptedresponse for the bare Au electrode is clearly observed (Figure
by the zein molecule is different on the two surfaces. The amide 3a). The voltammograms for the zein/SAM-modified electrodes
Il and Il bands reveal the intensity decrease in fheheet show excellent blocking behavior as revealed by the observed
structure after adsorption. The bands at 840, 868, 974, and 1007ow currents flowing in the cell. The zein-modified surface on
cm™! (Figure 2, right side, spectrum ii) corresponding to free a hydrophilic SAM (Figure 3c) shows better blocking behavior
tyrosine, and phenylalanines are clearly observed in the presenthan that adsorbed on a hydrophobic surface (Figure SBR/

case. Figure 2 (right side, spectrum iv) shows the RAIR
spectrum in range 8600 cnt?. It is clear that the band at
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Table 2. Heterogeneous Electron-Transfer Rate Constant for (a) AN

[Fe(CN)6]3~4~ Couple on Zein Deposits on Modified Monolayers -,'!;; ra -,.--“ S 3
on Gold Surface? ™ ‘ ‘b"_. “\' % o
heterogeneous rate constant (cms™?) 5. | ‘ " ‘ 'f' ; L ¥
temp gold modified gold modified with h p '.. r ‘ ‘
(°C) with C11SH/zein (10~%) MuDA/zein (10-5) ™ 3 & 4 .‘ .? a
25 23 13 - 9 2
35 41 16 o é v
45 3.3 32 bt
55 3.1 44 O
65 4.1(1.2) 5.4 (1.55) "—
75 5.2 (1.5) 6.3 (1.6) e
2 Rate constants have been calculated on the basis of cyclic voltam- (ap)
metry via the procedure reported by Krysinski and Smolska.*® Values in
parentheses are calculated at room temperature after the system is cooled
from the corresponding high temperature.
(a) |
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0- Figure 5. (Top panel) AFM image obtained for zein deposits on
. . . . . . T . undecanethiol monolayer formed on Au(111) surface. Image size is
10 0 10 20 30 40 50 60 70 3 x 3 um 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 x 3 um and scan speed is 1 Hz.

Z I kQ cm’

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 (i)
hydrophilic monolayer. The electrolyte used is 3 mM potassium
ferrocyanide/ferricyanide in 0.1 M NaF as the supporting electrolyte.

rate constant values have been determined to be 7.09°6
and 8.8x 105 cm s'%, respectively.
The barrier property of organic thin films can also be

estimated by correlating the defects with impedance pararfreters
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 pinholeg344 The phase angle observed for the modified
hydrophilic surface is 82 while the adsorption on the hydro-
phobic surface shows a phase angle of &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 electrod8AM and SAM—

zein interfaces in series. Hence the capacitance associated with
modified surface will be

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 Smolsk® 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 codpig.

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 A5howing 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.% 10* and 6 x 10° Q cn?, and the

(CSANHein)_l = (CSAM)_l + (Czein)_l

By knowing the total capacitance of the system from 8BV
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Figure 6. RAIR spectra of zein protein deposits on (top panel) hydrophobic and (bottom panel) hydrophilic surface at various temperatures.

electrochemical measurements and the capacitance value of thés observed to be 1.35 nm. This is almost 3 times less than that
SAM (obtained from known parameters for an ordered SAM), observed on the base SAM. On the contrary, zein deposits on
it is possible to evaluate the capacitance associated with zeing hydrophilic surface (Figure 5, bottom) show circular and
film. The dielectric constante] of the zein protein has been  cyjinderlike structures with 25 nm heights. The surface rough-
calculated to be 22 3. The reported value for the dielectric  ass is calculated to be 4.7 nm. which is 3 times higher than
constant of zein based on conductivity measurements § 32. the corresponding base monolayer. The topography also shows

Atomic Force Microscopy. Surface topography of zein  gisc and wormlike features as indicated by the arrows in Figure
deposits on hydrophilic and hydrophobic SAMs has been g (bottom). The features may be the units for the formation of

investigated t:jy atgr;:i:;;(fgrce micrqs%opy. All ir_rll_fr:]lges arﬁ taken cylinderlike structures with large diameters of 200 i The
In contact mode wit um size in dry state. The roughness - o v res stem from the orientation of the zein molecules

of the bare gold _su_rface calculated on the _ba3|_s of the root- perpendicular to the surface based on the interaction through
mean-square deviation from the average height is observed to

be 1.54 nm (Supporting Information). Au modified with€ the glutamine strands (at the base of the protein). When the
SH éAM (hydrophobic surfaces) shoWs grains of sizes-150 adsorption occurs on hydrophobic surfaces, the zein molecules
175 nm, and the average surface roughness is observed to bge flat on the surface with the walls of the cylinders interacting

4.5 nm. On the other hand, the MuDA-modified Au (hydrophilic With the SAM. Hence the surface appears to be different. The
surfaces) is relatively smooth with uniform particle distribution above results are consistent with the fact that the zein molecule

and the grain size varies from 55 to 85 nm (Supporting 2dopts conformational changes that depend on the wettability
Information) and the surface roughness is observed to be 1.650f the substrate.

nm. After the zein adsorption, the topography of both surfaces  Thermal Stability on Hydrophobic Surfaces. The stability
changes. The zein deposits on hydrophobic surfaces (Figure 50f zein deposits under thermal perturbations has been followed
top) show uniformly distributed structures and the roughness by RAIR spectroscopy. The spectra (Figure 6, top) ShOHDG\/
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relative decrease in the intensity of the 1622 énband (a) ®7
(indicated by dotted lines) due t8 structure without any
appreciable shift in the wavenumber. This decrease in the 4.
intensity may be attributed to the following. As the temperature
rises, effective interaction between SAM and zein molecules
through the residues in the-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

cmY(indicated by dotted lines). The sharp increase in the /

intensity of the G-H bending bands around 1455 chalso —"
supports the fact that interaction with methyl-terminated SAMs
and the functional groups are reduced as the temperature is 0 T T T T T J
increased. The protein starts to reorient by refolding toward the 2 30 40 50 60 70 80
nativelike state, that isp-helix structure!® This agrees with Temperature ('C)

the reported results that dissociation of zein aggregates at high (b) 1.2-
temperature increases thehelix conten£® The intensity of the

Current (pA)

band at 1520 cmmt corresponding t@-sheet increases and shifts 1.0-
to low frequencies (1512 cm). Correspondingly, the band due
to a-helix at 1535 cm? (as shown by dotted lines) shows an 0.8 /?a’

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 structurecihelix

Current (uA)
o
i

form. Hence, as the temperature increases, some fraction of 0.4 _/

[-sheet structure gets converted intdelix form. The variation / ®)
of amide Ill band clearly shows the conformational changes 0.2 o
associated with monolayer orientation. The band at 1222'cm

shifts to 1210 cm! (as shown by dotted lines) with a 0.0 y y T y T 1

concomitant decrease in the intensity revealing thaftstruc- 2 % 40 50 80 7 80

ture starts to degrade and undergoes conformational changes. ‘
Subsequently, the shoulder observed under ambient conditiongi9ure 7. (Top panel) Temperature dependence of currents for zein
at 1272 cmt (as indicated by dotted lines) grows into a clear deposits on hydrophilic SAM-modified electrode (a) observed in the

. . . presence of 5 mM potassium ferrocyanide/ferricyanide and 0.1 M NaF
peak at 1263 cmt. This corresponds to the formation@helix as the supporting electrolyte. The points on curve b show the data at

structure in zein. room temperature after cooling the system was cooled from the
Hydrophilic Surfaces. Conformational changes associated ~corresponding high temperature shown on the —x-axis. The solid lines
with the zein deposits are different in the case of hydrophilic &re only guidelines to the eye. (Bottom panel) Temperature depen-
surfaces (Figure 6, bottom). The amide | band at 1622%cm dence of currents for zein deposits on hydrophobic SAM-mOdIerd
e ' . . . electrode (a) observed in the presence of 5 mM potassium ferrocya-
decreases in intensity and shifts to low frequencies, showing pige/ferricyanide and 0.1 M NaF as the supporting electrolyte. The
that there occurs a reorientation of tffestructure. But the  points on curve b show the data at room temperature after the system
decrease in intensity is small when compared to the intensity is cooled from the corrresponding high temperature shown on the
variation observed on hydrophobic surfaces. The band related—x-axis. The solid lines are only guidelines to the eye.

to a-helix structure is observed as a shoulder at 1661'amder

ambient conditions, indicating that an appreciable amount of syrfaces leads to denaturation accompanied by the transforma-
a-helix structure is present in the deposits. This emphasizes thetion of a-helix to -sheet structure. The stability of the zein
effect of surface wettability on the conformation changes deposits is found to be good on the basis of few changes
associated with the adsorbed protein. As the temperatureghserved in the RAIR spectrum after 1 week of adsorption.
increases, the band at 1622 ¢istarts to develop as a shoulder Thermal Stability of Zein Deposits on SAMs in Wet

at 1604 cm?, bringing out the presence of free glutamine turns - Conditions. Electrochemical measurements based on the block-
and thus implying reduced interaction of zein with the SAMs. ing behavior of the SAMs assert the quality and order of the
The band related to the-helix structure is observed as shoulder  zein-based films, and this property has been used to follow the
at 1661 cm* at temperatures above FC and is a clear  defects introduced by temperature perturbations. Figure 7 (top)
indication of the facile transformation a@f-helix structure at shows the plot of current density (at the formal potential of
the expense of already existifigsheet structure. This band is  [Fe(CNX]4/3~, 0.2 V) versus temperature for the zein protein
not observed in the case of zein deposits on hydrophobic adsorbed on hydrophobic SAM-modified gold electrode pre-
surfaces. The amide Il band also confirms this trend. The band pared from undecanethiol. As the temperature is increased, a
at 1220 cm* under ambient conditions f@structure is reduced  steady increase in the current density is observed, revealing that
in intensity as the temperature is increased. Accordingly, the the packing becomes less dense as a function of temperature.
band at 1262 crt attributed to thex-helix structure increases  Another point to be noted here is that the protein arrangement
monotonically after about 12TC. The refolding of zein protein ~ on SAM surface is reversed when the temperature is brought
to nativelike a-helix structure is supported by the substantial back to 25°C. The points on curve b show the current density
increase in the intensity of the band for free tyrosine and measured at 25C after an increase in the corresponding
phenylalanine residues (840, 868, 974, and 1007 that are temperature shown on thxeaxis. It is clear from the figure that
responsible for folding ta-helix structure. By and large, the even after the monolayer is heated up to °th the current
adsorption of zein on hydrophobic as well as hydrophilic density returns to the original value observed under amk&etg\t/

Temperature (°C)
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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

Subramanian and Sampath

(7) Wertz, C. F.; Santore, M. M.angmuir2001, 17, 3006.

(8) Haynes, C. A.; Norde, WColloids Surf. B: Biointerface4994 2,
517.

(9) Schakenraad, J. M.; Busscher, HJ.JColloids Surf1989 42, 331.

observed in the former case. Here again the protein arrangement 1) jami, K.: Hattori, M.; Nakatani, S.; Ibuki, FAgric. Biol. Chem.

is reversed when the temperature is brought back tt2after
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 compare
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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Au(111) surfaces. This material is available free of charge via
the Internet at http://pubs.acs.org.
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