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Zein, amajor protein of corn, is soluble in binary mixtures of ethanol and water. It has an amphiphilic character and is
capable of self-assembly into nano- and microsized rods, spheres, and films upon solvent evaporation. The formation of
microspheres is of particular interest for the development of delivery systems. Control over structure formation requires
a better understanding of zein behavior in solution. The objective of this work was to investigate the effect of zein
concentration and the effect of ethanol—water ratio on the microphase behavior of zein solutions, believed to govern the
morphology of microstructures after solvent evaporation. The Flory—Huggins solution theory was applied to model
boundary lines between microphases in solution. The study generated information on the zein concentration—ethanol/
water ratio conditions where microspheres are formed and provided insight into the microphase behavior of zein

ethanolic solutions.

1. Introduction

Zein, a major protein of corn, is recognized for its film-forming
properties and is under investigation for its potential in the
construction of delivery systems for therapeutic and nutritional
components. Zein is insoluble in water but readily dispersed in
binary mixtures of alcohols and water. It has an amphiphilic
character due to its unusual amino acid sequence, which contains
over 50% hydrophobic residues.' Early studies® > of zein mole-
cular structure estimated that the o-helix content of zein was
between 50 and 60%. Argos and coworkers® proposed that zein
contains 9—10 identical o-helix segments. Matsushima and
coworkers’ proposed a structural model where the a-helical
segments were aligned in an antiparallel fashion forming a prism
of 13 x 1.2 x 3nmin dimension. a-Helices were connected at each
end by glutamine-rich bridges. Accordingly, the prism sides,
formed by the outer surface of the helices, were hydrophobic,
whereas the top and bottom surfaces of the prism, containing the
glutamine-rich bridges, were hydrophilic.® Wang and coworkers’
employed surface plasmon resonance (SPR) to study the hydro-
phobic/hydrophilic character of zein surfaces. They concluded
that the zein molecule contains sharply defined hydrophobic and
hydrophilic domains at its surface.

Amphiphilicity is a main driving force for self-assembly.'? Self-
assembly is the spontaneous formation of organized phases from
disordered ones. It is mediated by weak interactions, for example,
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van der Waals, hydrophobic associations, and hydrogen bonds.
Self-assembly gives rise to lyotropic ordered microphases, cubic,
hexagonal, gyroid, and lamellar.'" Zein was observed to form
spheres and bicontinuous and lamellar structures upon evapora-
tion of its solvent, aqueous ethanol mixtures, with or without
added surfactants.'” Govor and coworkers'* suggested that the
microstructure of polymer aggregates formed during evaporation
of binary solutions can be controlled by varying the concentration
of solutes, the type of solvents, and the volume ratio of solvents.

The objective of this work was to investigate the effect of zein
concentration and the effect of ethanol—water ratio on the
microphase behavior of zein solutions, believed to govern the
morphology of evaporation-induced self-assembled structures.
The Flory—Huggins solution theory was applied to model boun-
dary lines between microphases. New understanding of zein
microphase behavior is expected to guide the development of
zein applications, including the formation of microsize spheres for
delivery systems.

1.1. Microphase Behavior. The mesophase behavior of
amphiphilic diblock copolymers has been studied in terms of
Flory—Huggins solution theory. Leibler'* developed a statistical
theory of phase equilibria for diblock copolymers with y N, where
 1s the Flory—Huggins parameter and N is the polymerization
number, and f, the volume fraction of one of the two monomers,
as the only relevant parameters. A phase diagram was constructed
where disordered, body-centered-cubic, hexagonal, and lamellar
phases were present. An AB diblock copolymer in a mixture of A
and B homopolymers acts similarly to an amphiphile in a mixture
of oil and water.'>!® AB diblock copolymers decrease the surface
tension between A-rich and B-rich phases.'”'® Block polymers
tend to self-assemble into soft molecular assemblies: spherical or
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cylindrical micelles and lamellae."' Pryamitsyn and coworkers'”
computed a 2D phase diagram in the y N—f plane for the self-
assembly behavior of rod—coil block copolymers. They presented
a self-consistent field model where the orientational interactions
between the rods were modeled through a Maier—Saupe interac-
tion, whereas the enthalpic interaction between rods and coils was
modeled through a standard Flory—Huggins approach. Zein,
also an amphiphile, is believed to have a similar phase behavior to
diblock copolymers when in aqueous ethanol mixtures. In this
work, Flory—Huggins solution theory was applied in a first
attempt to identify and model zein microphase behavior.

The Flory—Huggins solution theory gives an expression for
AG, the change in Gibbs free energy of mixing a polymer with a
solvent®

AGy = RT[n; In¢; +ny In ¢y +n1yys) (1)

where polymer and solvent are labeled 1 and 2, respectively, 7 is
their number of moles, and ¢ is their volume fraction. The Flory—
Huggins parameter, y, takes into account the energy of inter-
dispersing polymer and solvent molecules. R is the gas constant
and T is the absolute temperature. ¢; and ¢, are related to n; and
ny by

H1N1
¢ =
m Ny +mN, (2)
4, = 1N,
27 m Ny +mN,

where N and N, are the polymerization numbers of polymer and
solvent, respectively. In this work, N; = 1 because no polymeri-
zation reactions are involved”® >? and N, =1 because the degree
of polymerization of solvent is taken as unity for polymer
solutions.”® Therefore, using eq 2, eq 1 can be written as

Frix = kgT[¢) In ¢y + ¢, In ¢y + ¢ 1¢0y15)] 3)

where F;, is the free energy change of mixing per molecule.
Because ¢; + ¢» = 1 and y is used in place of y, eq 3 can be
further simplified to

F mix
kgT

= ¢ Ing +(1-¢) In(1—¢)+x(1-0)* (4

2. Materials and Methods

2.1. Materials. Zein was obtained from Showa Sanyo
(Tokyo, Japan). Ethanol (190 proof, USP) was from Decon
Laboratories (King of Prussia, PA).

2.2. Evaporation-Induced Self-Assembly. Zein (0.20—150
mg/mL) was dispersed in a series of ethanol—water mixtures
(30—95% (v/v)). We sonicated zein solutions for 2 min using an
ultrasonic processor VC-750 (Sonics & Materials, Newtown, CT)
operated at 300 W to decrease particle size and improve distribu-
tion. Samples of those solutions (10 mL) were placed under the
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Figure 1. Phase diagram of a system described by Flory—Huggins
solution theory, derived from eq 4. The solid line represents
the 2condition dFnix/d¢; = 0, the dashed line represents szmiX/
d¢1 =0

hood in aluminum dishes to allow evaporation-induced self-
assembly (EISA). The ethanol content of the solvent was in every
case below the azeotropic point. Therefore, ethanol was expected
to evaporate out of the solvent at a faster rate than water,
continually increasing the water content and hydrophilic char-
acter of the solvent. A hydrophilic environment was expected to
promote hydrophobic associations and mediate the self-assembly
of zein structures. Evaporated samples were collected and stored
at room temperature in constant humidity chambers kept at 80%
relative humidity.

2.3. Scanning Electron Microscopy (SEM). Dry samples
after EISA were gold coated (300 A) by an Emitech K575 sputter
coater (Ashford, U.K.) to help improve electrical conductivity of
sample surfaces. SEM images were obtained with a JEOL 6060LV
general purpose SEM (Peabody, MA).

2.4. Focused Ion Beam (FIB) Microscopy. FEI dual beam
235 FIB (Hillsboro, OR) is a combination of a high-resolution
field emission SEM and a scanning metal ion beam microscope. A
Ga ion beam was used by the FIB to remove the material on the
sample surface in a controlled pattern.

3. Results and Discussion

3.1. Morphology Characterization. SEM images of evapo-
rated samples are shown in Figures 2—5. Figure 2 shows free
microspheres formed from dilute zein solutions (2 mg/mL) in
70% ethanol. Figure 3 shows an FIB image of a sphere cross-
section. It was believed that microspheres self-assembled layer-
by-layer by adsorption to a central core or nucleus. Radial growth
occurred by hydrophobic associations as ethanol evaporated,
increasing the water content and hydrophilic character of the
solvent. The microspheres diameter reached ~1 um. Figure 4
shows tightly packed spheres obtained at higher zein concentra-
tions (10 mg/mL). Microsphere diameter reached ~3 um. In
Figure 5, when zein concentration in solution reached 100 mg/
mL, microspheres were fused into a film.

EISA is a technique used to promote the self-organization
of nanostructures. Petkov and coworkers® employed EISA for
the formation of mesoporous films from a polyethylene and
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Figure 2. SEM image of zein spheres obtained by EISA from a
solution containing 2 mg zein/mL 70% ethanol.

Figure 3. Cross section view by FIB of zein spheres obtained by
EISA from a solution containing 2 mg zein/mL 70% ethanol.

Figure 4. SEM image of closely packed zein spheres obtained by
EISA from solutions of 10 mg zein/mL 70% ethanol.

polypropylene oxide block copolymer. They observed that sol-
vent evaporation of the coating mixture induced the formation of

Langmuir 2010, 26(15), 12897-12901

Article

Figure 5. SEM image of zein lamellac obtained by EISA from
solutions of 100 mg zein/mL 70% ethanol.

3D micellar interiors, which self-assembled into a cubic meso-
phase structure. EISA is a nonequilibrium process that is affected
by solvent evaporation rates.”*?” However, under the same
experimental conditions, we could obtain different film morphol-
ogies by varying the initial concentration of the mother solu-
tions. Colloidal crystals were fabricated by EISA of aqueous
colloidal suspensions of silica microspheres. Lu and coworkers>®
obtained various patterns from circular lines to 3D crystals by
controlling the concentrations of silica colloidal suspensions from
0.02 to 0.2 wt %. Because EISA processes are difficult to describe
by phase diagrams, we sought to gain insight into the effect of
mother solution composition on the morphology of EISA depos-
its by studying the microphase behavior of the solutions.

3.2. Microphase Behavior of Zein in Ethanol—Water.
Figure 6 presents a plot of zein volume fraction (1 mg zein ~
0.82 uL) against ethanol concentration in the solvent. Data points
(symbols) represent the type of morphology of evaporated
samples. It was assumed that the different morphology types of
evaporated samples corresponded with different microphases
existing in solution.

In the Flory—Huggins solution theory, y is defined as the
energy of interdispersing polymer and solvent molecules, which is
related to the solubility of the polymer in a solvent. Low y values
correspond to high solubility.”>* y shows a complex dependence
on temperature, concentration, and degree of polymerization.*'*?
Assumptions are usually made on the relations between y and
those parameters to simplify their studies.”> Bouchaour and
coworkers,® in their study of the phase equilibrium of poly-
(n-butyl acrylate) and the low molecular mass liquid crystal
mixture E7, assumed that y and temperature follow the relation
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Figure 6. Zein microphases in ethanol/water. Symbols represent deposits of similar morphology obtained after solvent evaporation. Solid
lines are the microphase boundaries generated by curve fitting of eqs 7 and 8. Inset is an enlarged figure for the ¢, range 0 to 0.0085.

x = A + BJT, where 4 and B are constants independent of
temperature and composition. The relation between y and etha-
nol concentration in the solvent was based on zein solubility.
Figure 7a shows an early ternary phase diagram of zein in
ethanol—water (adapted from Mossé**), where zein solubility
occurs between 50 and 90% ethanol. Phase separation was observed
at lower (<40%) or higher (>90%) ethanol concentrations.
Shukla and coworkers® later investigated the effect of ethanol
concentration on zein solubility. They pointed out that zein
solubility in ethanol—water has a maximum value at 70% ethanol
(v/v) and continually decreases in both directions (Figure 7b).

In this work, y was assumed to have a linear relation with
ethanol concentration in the solvent, as follows

% = kiCeon+b1 (ki >0) if Crou >70% (5)
X = szEtOH +b2 (kz < 0) if CEtOH < 70%

Crgomn 18 proportional to y, ky > 0, when ethanol concentration is
>70% and inverse proportional, k, < 0, when ethanol concen-
tration is <70%.

Equation 6 can be derived from eqs 2 and 5 as follows

1 Fmix
( — ¢ ln¢1—(1—¢1)1n(1—¢1))

C — k1,2 \kpT _bi
o ¢i1(1—¢y) ki,2
(6)
where

kljz = k1 and bl,z = b1 when CEtOH > 70%
k1,2 =k, and b1,2 = b, when Cgon < 70%

(34) Mossé, J. ghiiiianblitigiad. 1961, 3, 105—139 (in French).
(35) Shukla, R.; Cheryan, M.; DeVor, R. E. eissiabes 2000, 77, 724-730.
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The boundary lines in the phase diagram, shown in Figure 6, can
be derived from eq 6 when conditions are imposed as follows

?
P] In
1—¢, dFpnix (7)

C OH = —Pz whe =0

HONT g -1 do,

and

C __h when & Fris _ 0 (8)

PO T g (1)) 7 dg>

where P and P, represent 1/k; , and by »/ky 5, respectively.

Weinvestigated the microphase behavior of zein by fitting eqs 7
and 8 to the data presented in Figure 6, corresponding to zein
(MW =~ 25000) solutions of 0.25, 0.5, 1, 2, 3, 4, 5, 10, 20, 50, 75,
100, and 150 mg zein/mL ethanol—water of 30, 40, 50, 60, 70, 80,
85, 90, and 95% v/v. Phase boundary lines were generated by
fitting eqs 7 and 8 to the points belonging to the same phase on the
boundary region. Table 1 shows the values of the parameters Py,
P,, and the R® values for curve fitting. P, values are of the same
order of magnitude but opposite signs for each pair of symme-
trical curves. (See Figure 6.) Phase boundary lines above Cgoy =
0.7 resemble those in the model by Matsen and Schick®® for
microphases of diblock copolymers. Below Cgon = 0.7, the
boundary lines have mirror symmetry with the upper curves,
consistent with the relation between y and Cgon, Wwhere Cgoy 1s
proportional to y when it is >70% and inversely proportional
when it is <70%. P, values are negative and of the same order
of magnitude for all curves. R* values were >0.99, indicating a
good fit.
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Figure 7. (a) Ternary phase diagram of zein in ethanol and water.
Adapted from Mossé.** (b) Effect of ethanol concentration on zein
solubility. Adapted from Shukla.*®

Table 1. Curve Fitting Parameters for Phase Boundary Lines Model

boundary lines P, P, R
phase I/phase 11, Cgion > 70% 0.066 —0.37 0.998
phase I/phase 11, Cgion < 70% —=0.078 —1.07 0.992
phase II/phase 111, Cgion > 70% 0.008 —0.65 0.999
phase II/phase 111, Cgion < 70% —0.008 —0.75 0.999

Figure 6 shows two boundary lines, which defined three
regions, attributed to three different microphases. Phase T was
considered to be a region of short-range order constituted by
dispersed zein monomers, dimers, and structures on the order of
200 nm. Zein discs, 20 nm in diameter and 5 nm in height, and
rods, 5 nm in diameter and 200 nm in length, were observed by
Wang and coworkers'? after EISA of zein solutions containing
0.2 mg zein/mL 70% ethanol. At the range considered here,
0.25—5 mg/mL, zein self-assembled into spheres upon solvent
evaporation (Figure 2). Figure 3 shows the FIB image of the cross
section of a sphere. The interior of the sphere appears to be
uniform with no specific structural features. It was hypothesized
that zein spheres self-assembled layer-by-layer, growing in an
onionskin pattern. This mechanism was also proposed by Conn
and coworkers’’ in their study on the dynamics of structural
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transformations between phases. Phase I was thought to contain
zein aggregates that may have served as cores for the larger
spheres observed after EISA. Upon evaporation, spheres packed
against each other creating sphere-to-sphere interfaces (Figure 4)
and, apparently, a sponge structure. In phase 111, zein aggregates
may have formed sheets. As the solvent evaporated, they fused
together into a continuous film (Figure 5).

Structural transformations resulting from increasing the con-
centration of components were also reported by other researchers.
Schuster and coworkers®® observed that the mesostructure of the
triblock copolymer P123 (M, = 5800, EOQ,(-PO7o-EO»() changed
from a 2D hexagonal mesostructure, to lamellar structure, then to
anunknown 3D structure as its concentration increased. Sary and
coworkers® showed that the rod—coil block copolymer succes-
sively self-assembled into spherical, hexagonal, and lamellar
phases when the rod volume fraction was increased from 12 to
45%, as observed by TEM. The mechanisms of structural
transformations were also studied by model simulations. Shin
and coworkers* described a model for mesophase assembly of
soft-sphere aggregates. According to their model, soft materials
arrange into body-centered cubic lattices of sphere aggregates
when their concentration is low; as concentration increases,
spheres in the lattices approach each other and fuse into a
bicontinuous network and then into a lamellar phase. Microphase
transitions were discussed by Conn and coworkers,?” who pre-
sented a qualitative model of the transition between bicontinuous
and lamellar phases for monoelaidin in excess water based on
theories of membrane fusion and existing knowledge of the
structure and energetics of bicontinuous cubic phases.

4. Conclusions

Zein concentration and the ethanol—water ratio of the solvent
were found to affect largely the morphology of evaporation-
induced self-assembled microstructures. Microspheres, packed
spheres, and films were observed in the composition ranges
studied. The formation of microspheres is of particular interest
for the development of delivery systems. Morphology types were
mapped on a zein volume fraction—ethanol concentration plane,
which revealed a distribution pattern. Such pattern was hypothe-
sized to result from a series of microphases present in the mother
solutions. A model based on Flory—Huggins solution theory was
fitted to the boundary lines, supporting the presence of proposed
microphases. The study generated information on the set of zein
concentration—ethanol/water ratio conditions where microspheres
are formed and provided insight into the microphase behavior of
zein ethanolic solutions.
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