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Experiments on the adsorption of a-zein (characterized by SDS-PAGE) from aqueous ethanol and
2-propanol solutions onto hydrophilic and hydrophobic surfaces are reported. Zein adsorption onto
self-assembled monolayers (SAMs) was detected by surface plasmon resonance (SPR). Gold
substrates were prepared by thermal evaporation on glass slides. Gold-coated surfaces were modified
by depositing SAMs of either a long-chain carboxylic acid terminated thiol [COOH(CH,)10,SH] or a
methyl-terminated alkanethiol [CH3(CH,);SH]. Experimental measurements indicated that zein
interacted with both hydrophilic and hydrophobic surfaces. Zein concentration affected the thickness
of bound zein layers. The estimated thickness of the zein monolayer deposited on hydrophilic surfaces
was 4.7 nm. Zein monolayer thickness on hydrophobic surfaces was estimated at 4.6 nm. The
topography of zein layers was examined by atomic force microscopy (AFM) after solvent was
evaporated. Surface features of zein deposits depended on the adsorbing surface. On hydrophilic
surfaces, roughness values were high and distinct ring-shaped structures were observed. On
hydrophobic surfaces, zein formed a uniform and featureless coverage.

KEYWORDS: Zein; surface plasmon resonance; protein ~ —fatty acid interaction; biodegradable plastics;
atomic force microscopy

INTRODUCTION aligned to form a compact prism of 160 A in length and 46 A
in height for nonreduced zein. The width of the prism wd<2
A (seeFigure 1). The structure of zein films plasticized with

zein are rigid and very brittle. Therefore, one or more plasticizers ©/€iC acid was investigated by small-angle X-ray scattering
are normally added in the film-making process. Commonly used (SAXS) (). Films showed a strong periodicity & 135 A)
plasticizers are liquid organic compounds such as polyols, 26r0ss the film plane, suggesting the formation of layers along
mono-, di-, and oligosaccharides, lipids, and lipid derivatives the plane of the film. A layered structure in zein films could
(3). Fatty acids (i.e., palmitic acid, stearic acid, linolenic acid, nave developed during the resin preparation process and then
and oleic acid) were used in the preparation of zein resins from Pecome aligned during film formation. Oleic acid seemed to
which films were drawn Z, 4). Physical properties of zein play an important role in layer formation. Granular unplasticized
fatty acid films including tensile properties, water resistance, zein did not show any SAXS periodicity. Lai et &) (proposed
and gas permeability were affected by film structure and @ structural model for drawn films based on their X-ray
protein—lipid interactions 4, 5). measurements and the zein molecular dimensions determined
Zein conformation in alcohol solutions was investigated by by Matsushima et al.7) for nonreduced zein. Layers of double-
circular dichroism §) and X-ray scattering measurements. ( stacked zein units, measuring 160 A in length and 2(46 A) in
Both studies considered that the spatittucture model for zein ~ height, alternated with bilayers of oleic acid (42 A) to form a
contains 9 or 10 successive helical segments corresponding testructure with a periodicity of-135 A.

the Z19 and Z22 fractions, respectively. The helices are folded  |nteractions between zein and oleic acid in drawn films were

upon each other in an antiparallel fashion, linked at each endinyestigated by differential scanning calorimetry (DSg) DSC

by glutamine-rich turns or loops, and stabilized by hydrogen thermograms of zein films showed no melting peaks for oleic

bonds. Matsushima et al7)( proposed that the helices were 4cjd, suggesting that a strong protelipid interaction prevented

phase separation and melting out of oleic acid. Similar results
* Author to whom correspondence should be addressed [telephone were obtained by Wang et aR)( Parris and co-workersL()

(217) 333-9336; fax (217) 333-9329; e-mail gwpadua@uiuc.edu]. studied the lipid fraction associated with zein extracted from
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8 Department of Biochemistry. freshly ground corn kernels. They found that1Z% of lipids

Zein has been studied for its potential to produce free-standing
edible/biodegradable filmd(2). Films made exclusively from
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MATERIALS AND METHODS
——— 1608 ———|

c Reagents.Commercial zein, regular grade F4000 (Freeman Indus-
tries Inc., Tuckahoe, NY), reportedly contained 14.9% nitrogen, 1.03%
t&é‘.‘ ash, and 1.18% crude f&1). Zein was used without further treatment.
EJEJEJ 46A Ethyl alcohol, 200 proof, was obtained from AAPER Alcohol,
=| = = Shelbyville, KY. Isopropyl alcohol, electronic use; chloroacetic acid,
> T certified; sulfuric acid, certified; and hydrogen peroxide 30%, ACS
certified, were from Fisher Scientific, Fair Lawn, NJ.

Gel Electrophoresis.Sodium dodecy! sulfatepolyacrylamide gel
electrophoresis (SDS-PAGE) of commercial zein was carried out in
an SDS-12% polyacrylamide gel (SDSPolyacrylamide Gel System,
Bio-Rad Laboratories, Hercules, CA) with a running buffer containing
49 mM Tris, 384 mM glycine, and 0.1% (w/v) SDS, pH 8.5. Coomassie
blue staining was used for detection of polypeptides. Molecular weights
of SDS-PAGE standards ranged from 10 to 220 kDa.

SPR Sample PreparationZein solutions of 0.00, 0.01, 0.03, 0.05,
0.10, 0.30, 0.50, 0.75, and 1.00% wi/v zein were prepared by stirring
the proper amount of zein in aqueous ethanol or 2-propanol, both 75%
Tetramer of Zein (volume of alcohol/volume of alcohol and water). The pH of aqueous
alcohols had been previously adjusted to 3:8385 with chloroacetic
acid. SPR substrates were gold-coated glass microscope slides. Before
etal (7). metal evaporation, glass slides (Fisher Scientific) were thoroughly

resent in zein isolates were endogenous free fatty acids clean_ed with a mixture of _concentrated sulfuric acid _and SQ% hydrogen
P 9 y "peroxide (2:1 volume ratio) at 68C for 1 h. The dried slides were

indicating _the ab.lhty of zein _for blnd_lng free fatty aC_'ds' Forato then coated with a 20 A chromium (Kurt Lesker, Clairton, PA) adhesion
et .al. (11) |_nvest|gaFed the_ interaction between zein and fatty layer at 0.2 A/s and a 496500 A gold (99.99% purity) overlayer at
acids within protein bodies by NMR spectroscopy. They 5 A/s by resistive evaporation under a pressure of 406 Torr.
observed a broad signal around 172 ppm for the carboxyl chromium was applied to ensure good adhesion of the gold layer
headgroup and interpreted it as evidence of decreased mobilitybecause gold coatings can be easily peeled off from glass.

of the headgroups with respect to the hydrocarbon chain. Data For the preparation of carboxylic acid-terminated or methyl-
suggested that the interaction betweeszein and fatty acids  terminated SAMs, gold-coated slides were rinsed with ethanol and

Figure 1. Zein monomer and tetramer structures derived from Matsushima

took place through the headgroups of fatty acids. immersedm a 2 mMethanolic solution of 11-mercaptoundecanoic acid
In this work, surface plasmon resonance (SPR) was employedor 1-octanethiol for a period of several hours to overnigtg €3).
to further investigate proteinlipid interactions in zeir-oleic Slides thus prepared were rinsed with a large amount of ethanol and

acid films. SPR is an optical technology useful to detect dried with filtered nitrogen. 11-Mercaptoundecanoic acid and 1-oc-

refractive index changes at the surface of a sensor chip. Briefly, 2néthiol were chosen for their availability and because they could

the SPR technique is based on the resonant excitation of therepresent the hydrophilic and hydrophobic endings of oleic acid.
SPR Apparatus. The SPR apparatus used in this experiment was

surface electrons in a thin metallic gold or silver layer by an : : .
. . . custom-constructed on the basis of the Kretschmann configuration. A
evanescent field1@) generated by the total reflection of light .- ¢ light fran a 5 mW Ga-As laser { = 665 nm) passed through

at the internal surface of a prism that is in optical contact with 5 trjangular prism and was directed to the backside of a gold film
the metal film. At a certain angle of incidence, namely, the SPR geposited onto a microscope slide. Slides were sealed to the equilateral
angle, a minimum in the total reflectivity of a polarized lightis triangle prism (Mellis Griot) using index-matching oil. A flow cell (0.4
observed. The angle depends on the dielectric environment ofmL) was used to measure the equilibrium protein adsorption. A system
the exposed metal surface, and it will change to higher valuesof three-way valves allowed the changing of solutions without
when adsorption on the surface occurs. SPR has a very highintroducing air into the cell. The laser beam passed through two
sensitivity, allowing the detection of refractive index differences Polarizers, which controlled light intensity and produced p-polarized
in layers thinner thai/1o00 of @ wavelength. For this reason, I!ght at the sample. The photodiode, used for detecting the_ reflect_ed
the phenomenon has been utilized extensively in studies 0fllght, was supported onarqtatable bracke; mountgd concentrically with
surfaces and thin filmsl@, 14). Moreover, SPR has been used the prism table, the rotation of both being achieved by computer-

to studv d icint i fth | I o t controlled rotary stepper motors (Arrick). The resonance condition was
0 Study dynamic interactions or the molectlgana—receptor determined by recording the reflected light intensity as a function of

type (15) to examine adsorption of proteins to metal and polymer ¢ angle of incidence. SPR monitors the sample center to avoid edge

surfaces 16, 17) and to study compatibility of biomaterials®).  effects due to capillary forces. The entire apparatus was mounted on
Also, SPR has become a tool for investigating the biochemical an optical bench in a darkroom and routinely checked for alignment

and biophysical properties of membrane protein systetfis ( before any measurements were taken.

because it is capable of monitoring both the binding of protein  SPR Analysis.After deposition of SAMs, slides were mounted on

to the lipid membrane as well as changes in the structure of thethe SPR cell under water. A zein solution-® mL or 15 SPR cell

lipid or lipoprotein phase. Soulages et &0) investigated the volumes) was then injected into the cell and allowed to stand to
effect of diacylglycerol (DG) concentration on the binding of equilibrate for 4 h. The cell was later flushed with distilled water to
an insect apolipoprotein to a supported phosphatidylcholine (PC) replac_e the_ethanolic solution before SPR angle change; were measured.
bilayer. They measured protein monolayers-330 A at the Flushing with \_Nater was necessary because the SPR instrument used
PC membrane, depending on DG concentration. The presentCOUId detect signal changes anly under water. The dependence of the
work explores the potential of SPR as an analytical tool for reflected beam intensityl;, on the incident angle®, was measured

dvi in ad . h f f fixed boxvli for each sample before and after deposition of the overlajersrsus
studying zein adsorption on the surfaces of fixed carboxylic ¢ profiles were fitted to theoretical dispersion curves, which were

acid- or methyl-terminated self-assembled monolayers (SAMS) cajculated using Fresnel reflectivity coefficients for a multilayer system
in order to further Investigate pI’Ote’rI’plaStICIzer Interactions (24). The procedure was carried out with a commercial program
occurring in zein films. Surface morphology of adsorbed zein purchased from the Institute of Semiconductor Physics (Kiev, Ukraine).
layers was examined by atomic force microscopy (AFM). Provided that the refractive indem, of the sample material in the dry
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Figure 3. Effect of zein concentration on SPR angle shift: (a) blank; (b)
0.01%; (c) 0.03%; (d) 0.05%; (e) 0.1%; (f) 0.3%; (g) 0.5%; (h) 1.0%.
1 2 3 4 5 Zein was dissolved in 75% 2-propanol.
Figure 2. SDS-PAGE of commercial zein: (lanes 1 and 2) 0.25% wiv 1.
zein; (lane 3) molecular weight standards; (lanes 4 and 5) 0.5% wiv zein.

09 -
state is known, the simulation allows the determination of a calibration ~ 0-8 -
slope, k, that relates the changes in the resonance amyleto the 0.7
changes in the effective optical thicknedsof the sample layerAd 206
= k@. It should be noted that the total thickness of all the layers on 2
the surface of a gold metal film was alway80 nm. At that distance, g 05
the instrumental output parameté,, varies linearly with the surface E 0.4
density of the material present at the sell@juid interface 25). 03

AFM Analysis. AFM, Dimension 3100 (Digital Instruments, CA),
was used to examine the surface of SAMs and zein deposits. SPR slides  0-2
were placed in desiccators after the SPR experiment and allowed to 0.1 -
dry for 24 h before AFM scans were taken. AFM measurements were
carried out using a Nanoscope llla controller. Silicon nitride probes 68 69 70 7 72 73 74 75

mounted onto cantilevers were used with a scan frequency of 2 Hz.
Incident Angle (degree)

Figure 4. Effect of zein concentration on SPR angle shift: (a) blank; (b)
0.01%; (c) 0.03%; (d) 0.05%; (e) 0.1%; (f) 0.3%; (g) 0.5%; (h) 1.0%.
Zein was dissolved in 75% ethanol.

RESULTS AND DISCUSSION

Molecular Weight Distribution of Commercial Zein.
Figure 2 shows the electrophoretic profile of commercial
(Freeman) zein at two different concentrations. Two intense concentration had larger angle shifts, suggesting more protein
bands were observed between 22 and 24 kDa (for all lanes),was bound to the 11-mercaptoundecanoic acid. It was believed
confirming that the sample consisted largelyefein monomer. that at very low concentrations (0.01% w/v) zein covered the
A weak band was observed a7 kDa corresponding to the  surface only partially, whereas at higher concentrations coverage
dimer ofo-zein. Results were consistent with previous reports was more extensive, increasing the angle shift. At concentrations
(26, 27) on the molecular weight distribution of commercial beyond 3.0% wi/v, zein solutions became cloudy, suggesting
zein. protein aggregation 28). Flushing with water may have

Zein Adsorption to 11-Mercaptoundecanoic Acid Sup- enhanced zein to zein interactions due to the polar environment
ported by Gold-Coated SlidesThe effect of zein concentration  created by water. Therefore, larger angle shifting in this region
(0.01-1.0% wi/v) on the SPR reflectivity profile is shown in  could be expected not only because of a larger number of protein
Figures 3and4 for 2-propanol and ethanol solutions, respec- molecules present but also due to protein aggregation. The
tively. The blank, where the SPR angle shift is zero, was 11- interaction between zein and 11-mercaptoundecanoic acid was
mercaptoundecanoic acid deposited on a gold substrate. 11-considered to be of a polar nature because it involved fatty acid
Mercaptoundecanoic acid formed carboxylic acid-terminated carboxylic groups at low pH (3:53.8).

SAMs, which generated a hydrophilic surface exposed to the
zein solution in the SPR celkR). The adsorbed zein layer was
then flushed with distilled water so that all deposits were
detected under wateFigures 3and4 show SPR angle shifts

SPR angle shifts and derived thickness for zein layers are
presented inTable 1. ANOVA analysis determined that the
difference in thickness for zein depositions in ethanol or
2-propanol was not significant. Therefore, ethanol and 2-pro-

with increasing zein concentration. Because each angle changganol data for thickness changes at each concentration level
profile was measured from a baseline generated by its supportingwere pooled and are shownkigure 5. The graph was thought
gold slide, profiles in the two figures were standardized to a to represent two adsorption stages, before surface saturation at
common baseline. It is important to emphasize that no major 0—0.1% w/v zein and multilayer adsorption from 0.3 to 1.0%
changes occurred in the shape of the resonance curves over the//v. Therefore, a bilinear regression was drawn to detect the
entire zein concentration range. This indicated that there were surface saturation point. The continuous curve passed through
no large structural alterations occurring in the 11-mercaptoun- all experimental dataFigure 5 shows a steep slope for layer
decanoic acid layer. It was observed that zein solutions of higherthickness at low zein concentrations from 0 to 0.1% w/v
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Table 1. Effect of Protein Concentration on SPR Angle and Thickness
of Zein Layer Adsorbed to Carboxylic Acid-Terminated (Polar)

Wang et al.

Table 2. Effect of Protein Concentration on SPR Angle and Thickness
of Zein Layer Adsorbed to Methyl-Terminated (Nonpolar) Surfaces

Surfaces

75% 2-propanol

75% ethanol 75% 2-propanol

zein concn SPR angle approx film
zeinconcn  SPRangle approx film SPR angle approx film (% wiv) (deg) thickness (nm)
(% wiv) (deg) thickness (nm) (deg) thickness (nm) SAM 70.54 0
SAM 70.47 0 70.62 0 0.05 70.79 +0.01 1.57+0.10
0.01 70.52 +0.04 0.18 +0.04 70.77 £ 0.06 0.88£0.18 0.1 70.87 £ 0.04 2.06 £0.23
0.03 70.76 £ 0.08 1.88 +0.68 70.82 +0.05 1.19+0.29 0.3 71.12 +£0.01 3.63+0.15
0.05 70.83 £0.11 224+0.71 70.82 £0.04 115+0.27 05 71.29 + 0.01 472 +0.08
03 74020 817:im  7I4ds02  4%5:izr 075 1L3420% (%1%
: A= A= A IO E L + +
0.5 71.36 £0.27 515+1.96 7154 +0.24 5.68 +1.47 10 7137031 521193
1.0 71.65+0.49 722200  71.76+0.38 6.96 + 2.40
6.00
8.00
5.00
7.00 A
E 4.00
6.00 - H
3 @
£ 5.00 - & 3.00 4
2 g
E 4.00 - E 200 4
2 3.00 1
ﬁ 100 B
2.00
1.00 4 0.00 T T T T -
0 0.2 0.4 0.6 0.8 1 1.2
0.00 + ) ' ' T j Concentration (% w/v)
0 0.2 0.4 0.6 0.8 1 1.2

Figure 6. Thickness change of zein layers deposited on 1-octanethiol

Concentration (% wiv)
surfaces.

Figure 5. Thickness change of zein layers deposited on 11-mercaptoun-

decanoic acid surfaces. decreased to 1.1, indicating equilibrium was established, and a

(slope= 23.2,R? = 0.9231). The slope decreased from 0.1 to [1Xed layer of 4.6 nm was formed.
1.0% w/v zein wiv (slope= 2.9,R2 = 1). The intercept of these Matsushima et al.7) proposed, from X-ray measurements
two lines was interpreted as the surface saturation point. Zein On zein secondary structure, that zein molecules have a prism-
was considered to form a monolayer, 4.7 nm in thickness, on shaped structure with surfaces of different polarities. The two
11-mercaptoundecanoic acid surfaces. opposite surfaces that are rich in glutamine turns or loops were
In previous studies, Lai et aB) proposed a platelet structural considered_to be polar. The other two pairs o_f s_urfaces parallel
model for drawn films based on X-ray measurements. They 0 thea-helix were thought to be nonpolar. Binding of zein on
reported a spacing of 135 A corresponding to double layers of methyl-ended s.urf.aces as detected by SPR was considered to
oleic acid and a double stack of zein. Their model suggested be a hydrophoblc interaction between the nonpolar surfaces of
that the basic zein structural units were composed of ribbons the zein prism and methyl groups at the surface of the SPR
of folded (antiparallelja-helical segments with a fold period ~ Cell. Moreover, the step of washing the surface with water
of ~4.6 nm including the folds. The interaction between zein Creates a polar environment and promotes the hydrophobic
and oleic acid was thought to be through H-bonding between interaction of zein to zein aggregates. The measured layer of
the carboxyl heads of the fatty acid and the glutamine residuesZ€in (~4.6 nm) is close to that of a zein tetramer (4.8 nm, see
at the zein surface (ségure 1). The SPR experiment detected  Figure 1) (7).
a layer of zein, 4.7 nm in thickness, adsorbed to the carboxyl ~Although proteins have been observed to spread and reorient
heads of 11-mercaptoundecanoic acid. This measurement is very/pon adsorption to various surfaces, no spreading or confor-
close to the proposed height of zein units in the model by Lai mational changes were detected in this experiment. The
et al. @) for the structure of zeinoleate films. Zein aggregates ~ estimated thickness of the zein monolayer on 11-mercaptoun-
beyond this layer were not easily characterized by SPR. decanoic acid corresponds to the height of the zein molecule
Zein Adsorption to 1-Octanethiol Supported by Gold- according to Matsushima et al7)( The consistency of those
Coated Slides. The adsorption of zein onto hydrophobic Values suggested that zein maintained the prism shape after
surfaces was also investigated by SPR. Gold-coated slides wergdsorption.
immersed in the 2 mM 1-octanethiol solution to allow the self- ~ AFM Surface Characterization of Zein Deposits. The
assembly of a monolayer and the generation of a hydrophobic surface topography of zein deposits over SAMs of carboxylic
surface. The methyl-terminated surfaces are low-energy surfacesacid-terminated thiol [COOH(Ch10SH] or methyl-terminated
and are therefore less prone to contaminati2®). ( alkanethiol [CH(CH,)7SH] on gold-coated SPR slides was
Zein concentration, SPR angle shift, and surface thicknessinvestigated by AFM. Images of SAMs were also obtained. All
are listed inTable 2. Figure 6 shows the growth of zein deposits  images were taken within the center of the SPR flow channel,
on a nonpolar surface. The trend was similar to that of zein to avoid regions of abnormal adsorption at the sides of channels.
deposited on polar surfaces, as described above. At low zeinFigures 7and8 correspond to surface plots of the hydrophilic
concentrations (0.010.3% w/v) the rate of increase for zein and hydrophobic SAMs. The hydrophilic surface appears to be
thickness had a slope of 8.1. Above 0.3% w/v the slope uniformly smooth, with a grain diameter ranging from 59 to 64
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Figure 7. AFM image of SAMs of 11-mercaptoundecanoic acid on a gold
surface.

25.0 nm
Figure 9. AFM image of zein adsorbed to 11-mercaptoundecanoic acid
surfaces.
12.5 nm
15.0 nm
0.0 nm
7.5 nm
0.0 nm

Figure 8. AFM image of SAMs of 1-octanethiol on a gold surface.

nm. The hydrophobic surface is rougher, with the grain diameter
ranging from 94 to 117 nm. Roughness was calculated using -':
root-mean-square (rms) deviation of the heights of the various
features imaged by AFM20) as

[
Figure 10. AFM image of zein adsorbed onto 1-octanethiol surfaces.

rms=[(Z,°+ Z,° + Z& + ...+ Z/)IN]°®

wherez; are the height deviations from the data plane. It shows
maximum height variations of 15 nm for hydrophilic
surfaces (rms= 1.27 nm) and 2624 nm for hydrophobic
surfaces (rms= 3.41 nm), both indicating high surface coverage
for these compounds.

AFM images of zein adsorbed to hydrophilic and hydrophobic
surfaces are shown Figures 9and10. They both show surface
topography changes with respect to their corresponding SAMs
Roughness, calculated as above, for zein on hydrophilic surface

In contrast, the topography of zein adsorbed to hydrophobic
surfaces was more unifornfrigure 10) than the one described
above. Because in this experiment the alkanethiol surface is
formed by methyl groups, only the nonpolar surfaces of zein
would have affinity for and interact with them. A uniform
coverage indicated that zein molecules adsorbed to the methyl-
terminated SAM surface in a homogeneous way, showing low

'Sf]urface height and no salient structural features. Because zein
O ; X as hydrophilic and hydrophobic surfaces, it formed different
was ~5.30 nm, which IS 4 times larger than its base SAM. structures if deposited on polar or nonpolar surfaces, influenced
However, on hydrophoblp surface; roughness decreas_ed fronby the environment polarity. AFM results served to identify
3.41 10 .1'81 nm after zein adsorption. From a comparison of different surface structures formed by zein adsorbed onto
the two images, it was observed that they have different Suncacehydrophilic or hydrophobic surfaces. Clearly these will require

features. Zein adsorbed to hydrophilic surfacesre 9) more extensive investigation. Those studies are in progress and
showed the development of ring-shaped structures of average, i pe reported in detail elsewhere

height of 45 nm, which is 5 times higher than the base surface.
A possible explanation on how zein cylinders were formed is
that zein was first bound to the carboxylic head of 11-
mercaptoundecanoic acid to form wormlike strings and circles, we thank Tim Miller and Todd Holland for their help in
which provided the base structure. Then, excess zein moleculesyuilding and setting up the SPR instrument.

attached themselves to the circular base, piling up to form a

high tube. During this process, the environment polarity is

critical. Initially, zein was dissolved in 75% alcohol, which LITERATURE CITED
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