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ABSTRACT

Zein, a prolamin of corn, is a bio-renewable resource that can potentially offer
alternatives for petroleum-based polymers in many applications. Nanocom-
posite formation with the addition of silicate nanoparticles (Laponite) to zein
films, cast from 70% ethanol solutions, significantly improved the mechanical,
thermal and barrier properties. Based on FTIR findings, a mechanism for zein—
Laponite nanocomposite formation is proposed, which suggests Laponite
nanoparticles bind to zein molecules through Si-N bond formation. Structural
characteristics investigated using AFM and TEM confirmed exfoliation of the
nanoparticle. The changes in the surface energy of the films were evaluated
using water contact angle measurements and showed an increase in surface
hydrophobicity. The Young’s modulus and tensile strength increased with
nanoparticle concentration. The glass transition temperature increased, and
water vapor permeability decreased with only a small amount of Laponite.
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The biopolymer zein is a major storage prolamin
protein of corn and an abundant by-product of the
ethanol industry. Zein is generally recognized as a

Introduction

Petroleum-based polymers have exceptional physical
and chemical properties including endurance and
resistance to biological degradation. Unfortunately,
these polymers are causing significant pollution and
global environmental concerns [1]. For example, large
plastic trash islands are floating on the oceans in
many parts of the world [2], and plastic materials
pollute pristine islands, lands and seas [3]. Therefore,
biodegradable alternatives for plastics can solve some
of these problems and improve environmental sus-
tainability [4, 5].
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safe (GRAS) material, by the Food and Drug
Administration, and has unique amphiphilic,
antioxidant, antibacterial and adhesive film-forming
properties. Zein is considered a highly suitable can-
didate for designing environmentally friendly poly-
mers [6-8]. The polymer chains of zein are able to
change their conformation, and the mechanical and
rheological properties can be tailored to give a range
of properties from flexible to tough polymer, while
maintaining a glossy appearance [9, 10]. Zein's ver-
satile properties are useful for various applications in
packaging, biomedical, agricultural areas and add
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value to an abundant by-product of ethanol produc-
tion. Zein has found applications in several industries
including adhesives, coatings, printing, fibers, pack-
aging films and plastics [11, 12].

Zein is an attractive alternative to synthetic poly-
mers and animal-derived proteins, as zein has no
allergenic compounds; it is a much less expensive
and safe alternative for biomaterial research. When
modified with different types of nanofillers, the
resulting zein films showed significant improve-
ments in mechanical, thermal, barrier and antimi-
crobial properties [7, 13-17]. Maximum improvement
of zein properties is contingent upon optimum filler—
matrix interaction, but the interaction between filler
and zein matrix and the chemistry behind the prop-
erty improvement of the matrices are not yet fully
understood. In previous studies, where plasticized
zein was reinforced with different nanomaterials
[16, 18], proposed mechanisms suggested the
supramolecular interaction between protein and
reinforcing nanomaterials could result in cross-links
that may reduce local mobility of the protein mole-
cules. They then showed that these cross-links result
in higher stiffness and glass transition temperature.

As efficient nanofillers, nanoclays have received a
great deal of attention, as they are cost-efficient,
chemically and thermally stable, and property
enhancing due to their platelet-like structure. Lapo-
nite, Na_o7[(SigMgs.5Lig.3).020(OH)4]™7, is a syn-
thetic layered silicate nanoclay, which is hydrophilic
and biocompatible [19]. Its well-defined nanosized
disk shape has been used as a model in fundamental
studies of polymer nanocomposites, to improve the
mechanical and barrier properties [20-25]. These
nanoparticles have also been studied for fabrication
of sensors [26-28] and nanocomposite hydrogels
[29, 301].

In our previous studies [8, 31, 32], zein has shown
potential to be used in biodegradable packaging
films, as well as microfluidic device and sensor
platforms. Therefore, the aim of this paper is focused
on the changes in mechanical, thermal, barrier and
surface properties of zein, by the addition of Lapo-
nite. To investigate the effects of Laponite on zein, the
changes in the physical properties and structural
characteristics of the zein-Laponite (Z-L) nanocom-
posites were examined by changing the nanofiller
concentration. Atomic force microscopy (AFM),
transmission electron microscopy (TEM), water con-
tact angle (WCA) measurements and Fourier
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transform infrared (FTIR) spectroscopy were used to
observe the structural changes occurring within the
films when nanofillers were added. The effects of
nanocomposite formation on mechanical, water
vapor permeability and thermal properties are also
presented. These experiments offer mechanistic
insights into changes in physical properties of zein
and show desirable results for use as a platform for
biodegradable packaging, microfluidic devices,
biosensor platforms and other functional film
research.

Experimental
Materials

70% Ethanol (140 proof (70%), Decon™ Labs) and
oleic acid were obtained from Fisher Scientific;
monoglyceride was purchased from Alfa Aesar,
Ward Hill, MA, USA; zein (90% crude protein dry
weight basis) was purchased from Sigma-Aldrich,
Milwaukee, WI, USA; and Laponite RD clay was
obtained from Byk Chemicals. Drierites were pur-
chased from W. A. Hammond Drierite Company.
Polydimethylsiloxane (PDMS) kits were purchased
from Sylgard, Dow Corning (Midland, MI).

Fabrication of zein—-Laponite nanocomposite
films

A solvent casting technique was applied for prepa-
ration of the nanocomposite films, as it ensures
optimal dispersion of the nanofillers and therefore
ensures maximum interaction of the filler and matrix
and use of environmentally preferred solvents [33].
Nanocomposite films (Z-L) were prepared with 0, 1,
3,5 and 10 wt% Laponite, designated as Z-0L, Z-1L,
Z-3L, Z-5L and Z-10L, respectively. First, the Lapo-
nite was dispersed in 25 mL of 70% ethanol/30%
water and heated up to 6065 °C. Then 5 g of zein
was added to the solution (a 1:5 weight (g)/volume
(ml) ratio was maintained) and stirred vigorously
until the zein dissolved. In a separate beaker, 6.25 g
of oleic acid plasticizer and 0.15 g of monoglyceride
emulsifier were mixed and heated, until the mono-
glyceride dissolved in the oleic acid. The oleic acid-
monoglyceride solution was added to the zein-
Laponite solution, and the resulting mixture was
stirred for another hour. The ratio of
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zein/plasticizer/emulsifier (1/1/0.15) was main-
tained constant throughout this study because pre-
vious results showed that this formulation improved
overall physical properties [32]. Prior to solvent
casting each mixture was sonicated for at least 5 min
with the sonicator amplitude set to 39% of total 500
watts. Ten milliliters of nanocomposite solution was
pipetted into polystyrene petri dishes lined with
PDMS, which allowed the zein film to be removed
easily after solvent evaporation. The films were dried
inside desiccators over calcium sulfate Drierite. The
thicknesses of the dried films were fairly similar, and
they were as follows: Z-0L = 0.52 &+ 0.18 mm, Z-
1L =0.75 £ 0.05 mm, Z-3L =0.71 £ 0.11 mm, Z-
5L = 0.71 + 0.14 mm, Z-10L = 0.67 &+ 0.11 mm.

Characterization of nanocomposite films
Transmission electron microscopy

Transmission electron microscopy (TEM) was used to
examine the structure of the Laponite nanoparticles
and investigate the dispersion of the nanoparticles in
the nanocomposite films. For nanocomposite sample
preparation, the films were treated with fixative
agents, followed by dehydration in an ethanol gra-
dient. The films were embedded in epoxy resin, and
then they were cut into ultra-thin sections using
microtome diamond and mounted on holey copper
grids. The microtomed samples were characterized
with a Tecnai T20 TEM at 200 kV.

Atomic force microscopy

The surface morphologies and roughness of the
nanocomposite films were investigated using a Veeco
Multimode Atomic Force Microscope (AFM) (Veeco
Instruments, Inc., New York). AFM tips used for
characterization included a Si-Ni tip (spring con-
stant: 37 N/m; frequency: 300 kHz), with a pyrami-
dal shape and a height of 15 pm (App Nano, Inc.).
The film surfaces were imaged in the tapping mode
and in scans of 500 nm x 500 nm according to the
procedures published in the literature [34]. Data
evaluation of images included calculating the average
roughness (Ra) and the root-mean-square roughness
Rq.
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Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was
performed for quantitative and qualitative analysis
and for identifying specific chemical bonding within
nanocomposites. Experiments were done using a
nitrogen-cooled attenuated total reflectance FTIR
(Nicolet Nexus 470 FTIR), with 64 scans at a resolu-
tion of 4 cm™". The spectra were recorded between
800 and 4000 cm™!, and the spectra of water were
subtracted before analysis to obtain only the protein
spectrum [35]. For the secondary structure analysis of
zein, deconvolution of each spectrum was done using
the OMNIC FTIR software according to the methods
of Fourier self-deconvolution (FSD). Three prominent
and characteristic bands important for protein data
evaluation are the amide I, II and III bands. The
amide I band is a sharp peak that is usually seen
between 1600 and 1700 cm™" in protein spectra. This
band is caused by the stretching of the C=O double
bond and gives information about the secondary
structures. The amide II and III bands are not ana-
lyzed here as they give peaks of weak intensity and
can be easily overlooked [36]. The amide I regions
(1600-1700 cm™ ") of the spectra were analyzed by
Gaussian curve fitting. The secondary structural
content was calculated from the relative areas of the
individual assigned bands in the amide I region. The
details of the curve fitting are included in the sup-
plementary information.

Differential scanning calorimetry

DSC experiments were performed using a Discovery
Nano Series DSC instrument. Calibration was based
on pure indium and sapphire. An empty aluminum
pan was used as reference. Samples of 10-14 mg
were subjected to analysis using a heating rate of
10 °C/min per heating cycle, under continuous
purging of nitrogen at 50 ml/min. Glass transition
temperatures were determined from resulting ther-
mograms as the midpoint between onset and end
temperatures of step changes in heat flow observed
during heating. In all DSC traces, positive upward
peaks correspond to exothermic processes and
downward peaks correspond to endothermic
processes.
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Water vapor permeability

The barrier properties of the nanocomposite films
were analyzed using water vapor permeability
(WVP) experiments. WVP cups were purchased
from the Paul N. Gardner Company, Inc., and
measurements were taken using an American Soci-
ety for Testing and Materials, ASTM E-96 (1996),
standard [37]. The zein-Laponite (Z-L) films were
attached to the permeability cups containing 8 mL
of distilled water. Then the cups were placed in
desiccators containing a saturated salt solution of
MgCl,, while a temperature of 22 °C and a relative
humidity (RH) gradient of 64% were maintained.
The sample cups were weighed every 24 h until
steady-state vapor flow was reached. At least three
sets were tested for each formulation. The water
vapor transmission rate was calculated from the
weight loss of the permeation cup. The water vapor
transmission rate (WVTR) was defined as the slope
(g/hr) divided by the transfer area (m®). After the
permeation tests were completed, the water vapor
permeability, WVP (g Pa~' h™' m™"), was calculated
as follows:

WVTR
WVP = —————— xx, 1
P(Ri — Ry) M
where P is the saturation vapor pressure of water (Pa)
at the test temperature (25 °C); R, is RH in the per-
meation cell; R; is the RH in the MgCl, solution; and
x is the film thickness (m).

Water contact angle measurements

Water contact angle measurements were taken with
an Attension Theta Auto 1 Optical Tensiometer. All
measurements were taken on the sides of the zein-
Laponite films that were previously in contact with
PDMS. Two-microliter droplets of deionized water
were dispensed onto the surface of the film, and
images were collected for 10 s at a rate of 12 frames
per second. The images were taken as soon as the
water droplet touched the designated baseline. Then
the stable contact angle at the water zein film inter-
face was measured and the change in hydrophobic/
hydrophilic balance on film surfaces was evaluated.
Water contact angle measurements were taken in
triplicate for the contact side, following the method
described in the literature [38].
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Mechanical properties

The tensile strength (TS), Young’s modulus (YM) and
percentage of elongation at break (% EAB) of films
were determined using a TA. XT Plus Texture Ana-
lyzer with a 30 g load cell using ASTM D882 [39]. The
films were cut into 20 mm x 70 mm strips, and the
samples were kept for 48 h at 50% relative humidity
and 25 °C before analysis. Three thickness measure-
ments were taken across the gauge length of the films
and averaged. The pretest and posttest speed was
1 mm/min.

Statistical analysis

For each of the five-different zein nanocomposite
formulations, the experiments were repeated three
times. Data were statistically analyzed and compared
using Minitab. One-way ANOVA was used to eval-
uate the differences, and Tukey’s pairwise compar-
ison tests were applied with 95% confidence interval.
The letter system was used throughout the paper to
show significant difference such that different letters
indicate significant difference between the adjacent
values.

Results and discussion
Transmission electron microscopy

An important prerequisite for the improvement of
the physical and mechanical properties is the uniform
nanoparticle dispersion within the nanocomposite.
TEM provides information about the dispersion of
the Laponite and therefore helps explain the physical
changes as a result of the nanoparticle-matrix inter-
actions. In order to baseline the organization of
Laponite, 1 g Laponite powder has been mixed with
10 mL of 70% aqueous ethanol solution, stained with
1% uranyl acetate and imaged with TEM, and is
shown in Fig. 1a. Light-colored streaks that are
prevalent throughout the image are on average 1 nm
thick and 25 nm long. These streaks represent the
side view of individual Laponite nanoparticles. As
Laponite is disk shaped, the appearance of these
streaks means that some Laponite nanoparticles are
arranged perpendicularly to the surface so that only
the side view of the disks can be seen. The top view of
nanoparticles that may lie flat on the surface cannot



J Mater Sci (2

Figure 1 TEM images: a pristine Laponite nanoparticles can be
recognized as white streaks against the dark background (stain:
uranyl acetate). The magnified areas show more details. b Plasti-
cized zein film showing dark areas of phase-separated oleic acid.
¢ Z-5L nanocomposite film, showing intercalated, exfoliated
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Laponite platelets dispersed throughout the zein matrix. d Z-10L
nanocomposite film, showing intercalated, exfoliated Laponite
platelets and some degrees of aggregation. The magnified areas
show individual nanoparticles as seen from the side.
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be seen here due to low contrast. The top view of
individual Laponite nanoparticles can be seen in
published work, for example, by Guimaraes et al.
[40]. In this paper, formation of Laponite-covered
latexes allows the nanoparticles to be imaged from
the top so that the coin-like shapes can be seen.
However, in the case of solution casting presented
here, the nanoparticles align sideways; therefore,
only streaks are observed in the TEM (Fig. 1a, ¢, d).
Figure 1b shows the TEM image of a zein film
containing oleic acid plasticizer. The dark spots seen
within the polymer matrix come from phase-sepa-
rated oleic acid. Figure 1c, d shows images from
zein-Laponite nanocomposites. The dark streaks
represent Laponite nanoparticles as seen from the
side. The Laponite is homogeneously dispersed, but
visible throughout the zein matrix. Single platelets
can be observed together with stacked and multi-
layered nanostructures within the zein matrix. The
images suggest that Laponite is exfoliated (individual
platelets fully separated) to some degree, but also
intercalated (partially separated individual platelets)
areas are visible. As the concentration of Laponite
increases to 10% (Fig. 1d) intercalated areas are more
frequent and aggregation becomes more pronounced.
Within small aggregates or domains, the nanoparti-
cles appear to align parallel to each other. This par-
allel orientation or intercalation is more prominent at
higher Laponite concentrations where polymer space
decreases and a house of cards structure is not fea-
sible any more. Intercalation and orientation of
Laponite within smaller domains further increases
barrier properties, and thus, water vapor permeabil-
ity decreases (see below). The structural characteris-
tics observed here can be related to the sample
preparation and film casting techniques used.
Figure 2 shows photographs of the three different
nanocomposite films taken over a Purdue Pete car-
toon, to examine the optical appearance of the films.
The zein control (Z-0L) is yellow but transparent to
the eye. With increasing Laponite content the cartoon
is still visible through films (Z-5L) and (Z-10L) even
at the highest loading of (10 wt%) Laponite. How-
ever, the yellow (Z-10L) film appears to be darker
and perhaps not as clear as the zein control when
examined by the eyes. This means that Laponite may
have some influence on the optical appearance of the
films. We assume that at the concentrations used
here, most of the nanoparticles are exfoliated or
intercalated (see Fig. 1); however, micron-sized

@ Springer

J Mater Sci (2018) 53:7387-7402

heterogeneities in the films or density fluctuations of
Laponite within the polymer matrix (see, TEM,
Fig. 1) may lead to darker and translucent films.

Atomic force microscopy

Atomic force microscopy (AFM) is another technique
that helps visualize and understand the dispersion of
the nanoparticles, as uniform dispersion can lead to
smoother surfaces compared to the original polymer
matrix [41]. Non-uniform dispersion can lead to
rough and irregular surface properties [25]. As uni-
form dispersion leads to better interactions between
polymer and nanoparticles, the AFM technique also
helps optimize the fabrication of better nanocom-
posite films with improved properties. Surface
topography of Laponite nanoparticles using AFM has
been investigated in different studies [42-44], and in
those studies, the nanoparticles have shown charac-
teristic rag-like surface with domains of ridges and
valleys. Topographies of the zein control (only plas-
ticized) and zein-Laponite nanocomposite surfaces
are shown in Fig. 3. The images shown in Fig. 3a, b
suggest that pristine zein surfaces have high surface
roughness which is in agreement with findings from
the literature [34, 45]. Figure 3¢, d displays the sur-
face topology of a representative zein-Laponite
nanocomposite (Z-5L). Comparison of Fig. 3a, c,
shows that the control zein film has large features
and bumpy areas with cavities, whereas the Z-5L
nanocomposite films have isolated small granular-
like domains [46]. The surface topography of the
nanocomposite resembles the surface topographies of
pristine Laponite nanoparticles [44], as the
nanocomposite films also seem to have a rag-like
structure.

‘Roughness analysis’ for the control zein films
yields an average roughness of Ra = 5.83 nm and a
root-mean-square roughness of Rq = 7.11 nm. Anal-
ysis of Z-5L, the 5% Laponite containing nanocom-
posite, gives Ra = 0.567 nm and Rq = 0.799 nm.
These results indicate that Laponite disperses well
within the zein matrix, thus creating a smoother
surface. The dispersion of the Laponite and the
nanoparticle interactions with the zein polymer
influence the arrangement of the polymer chains near
the Laponite surfaces, which results in a more com-
pact structure. With increasing Laponite concentra-
tion (Z-5L), the amount of zein in the matrix
decreases, which leads to a change in the surface
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(b)
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Figure 2 Photographs of zein control and zein—Laponite films over the Purdue Pete cartoon as they appear to the eye. a Z-OL film, b Z-

5L film and ¢ Z-10L nanocomposite film.

(a)

00 Height

Figure 3 a Three-dimensional AFM image of a control zein film
on a 500 nm x 500 nm scale, showing large features as high as
30 nm. b Top view of the control zein film section. ¢ Three-

roughness when compared to the zein-only control.
This change in surface roughness is influenced by the
degree of exfoliation and intercalation of the Lapo-
nite, throughout the zein matrix.

00 Height

500.0 nm

dimensional image of a Z-5L film on a 500 nm x 500 nm scale,
showing smaller granular areas. The height of the features is as
high as 5 nm. d Top view of the Z-5L film section.

Other studies investigating Laponite nanocom-
posite surfaces have reported slight increases in
roughness [25], mostly due to irregular or non-uni-
form dispersion of the nanoparticle in the polymer
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matrix. Publications on different polymer—clay
nanocomposites such as chitosan-montmorillonite
[41] or poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate)—Cloisite 30B [47] have reported significant
decreases in surface roughness after addition and
dispersion of clay.

Fourier transform infrared spectroscopy

In Fourier transform infrared spectroscopy (FTIR),
the rise of new peaks or the shift in original peaks
may give information about the physicochemical
environment of functional groups within the
nanocomposite. The changes may confirm specific
interactions between the polymer matrix and the
nanoparticles, which in turn helps understand and
improve nanocomposite material design. Figure 4
shows the FTIR data from pristine zein powder,
plasticized control zein films and plasticized
nanocomposite films containing 1, 3, 5 and 10%
Laponite. FTIR data of pristine zein powder and the
zein control and nanocomposite films show the typ-
ical characteristics of proteins including the amide I,
II and IIl bands or peaks. The peaks observed

J Mater Sci (2018) 53:7387-7402

between 2800 and 3000 cm ™' come from -CHj; and —
CH; side chain vibrations in aliphatic groups of
amino acids. The broad peak at 3000-3500 cm ™' is
related to the N-H stretching in amide structures
[48]. The amide I band at 1643 cm™!, which comes
from C=0 and C-C vibrations, and the amide II band
at 1536 cm ™', related to CN stretching and NH
bending, are visible [48].

When pristine zein is compared to the control zein
plasticized with oleic acid, an increase in intensity is
visible at 2924 and 2854 cm ™. The oleic acid increa-
ses the number of alkyl groups in the matrix; these
alkyl groups show C-H stretching vibrations in the
FTIR. Therefore, the presence of additional alkyl
groups from the oleic acid plasticizer resulted in
increased C-H stretching [48] and ultimately
increased the intensities of the peaks at 2924 and
2854 cm ™. A new peak at 1709 cm ™' comes from the
carboxylic C=0 stretching of the oleic acid.

Typical FTIR spectra of pristine Laponite show a
prominent peak from Si-O stretching, located at
1080 cm ™" [49]. The Si~O peak has also been located
at 1011 cm™" [50] and at 1090 cm™" [38]. A compar-
ison of the FTIR spectra in Fig. 4 shows the rise of

Figure 4 Comparison of the 04 prsine 2o
FTIR spectra of pristine zein [
powder, control zein with oleic 02!
acid and zein—Laponite
nanocomposites (1, 3, 5 and
10%), within the
3700-800 cm ™
Addition of oleic acid results
in increases in the intensity of
new peaks at 1709 cm™' due
to the carboxylic acid C=0

stretch and at 2854 cm™' due
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new peaks at 1000 cm ™! for Z-3L, Z-5L and Z-10L,
and at 1064 cm~! for Z-5L and Z-10L, which is
similar to the peak found in Laponite at 1080 cm ™'
(5i-O). The multiple spectra obtained for each con-
centration of Laponite were averaged over multiple
locations. They are reproducible and superimpose
nicely indicating that on average, the Laponite has
been distributed uniformly throughout the zein
matrix. This is consistent with our observations with
TEM. The gradual increase in intensity of the new
peaks indicates a gradual increase in nanoparticle
concentration.

The chemical changes observed in FTIR are related
to the addition of Si-O groups and may affect the
secondary structures of zein. Within the amide I
band, the a-helix structures give characteristic peaks
around 1653-1658 cm ™!, the B-sheets give character-
istic peaks around 1632-1636 cm™', and the B-turn
structures show characteristic peaks around
1680-1686 cm ™' [51]. Another study [52] has reported
that B-turns appear around 1671 cm™' and inter-
molecular B-sheets appear around 1610 cm™'. Pris-
tine zein, Z-0L-Z-10L, nanocomposites show f-
turns, o-helices, as well as intramolecular and inter-
molecular B-sheets. The nanocomposite formation
affected the area and height intensities of all the
characteristic amide I peaks. From Fig. 5 we can
conclude that the area under the peak that is related
to B-sheets increases relative to the control. The area
under the peak related to a-helices decreases with
increasing Laponite concentration, and the B-turns
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remain the same. The formation of new bonds
between Si-O and zein eliminates some of the
degrees of freedom that the conformation of zein had
before being absorbed to the Laponite surfaces. The
change in degree of freedom explains why the zein
molecules become more rigid with an increase in B-
sheet conformation, and this transformation occurs at
the expense of a-helices.

Zein organizes itself in mostly compact capsule-
like structures which are bonded to each other
through glutamine residues [53]. B-turns are largely
associated with the glutamines at the end of the
capsule-like bodies, and since their ratio remains the
same, the glutamines are not affected by the bonding
processes through Si-O.

It is reasonable to expect that Laponite can interact
with zein in two ways: either through glutamine ends
of zein, or the Si—O interacts with the N atom in the
hydrophobic alpha helices, and forms a bond. Since
B-turns show no change with the addition of Lapo-
nite in Fig. 5, it can be assumed that Laponite does
not bond with zein through glutamine turns. A
mechanistic figure depicting the possible interaction
sites between zein and Laponite is shown in Fig. 6.

As suggested in Fig. 6, a logical way is that the Si-
O group of Laponite breaks up the H bond in the a-
helix and forms either Si—-C or Si-N bonds, which
results in changing of the a-helix into B-sheets, or -
turns. The rise of a new peak at 1000 cm ™' as shown
in Fig. 4 can be attributed to Si-N stretching [54-56].
The characteristic peak at 800 cm™" for Si-C [57] is

(a) B sheet (b) o helix (c) B turn
70 35 50
ﬁ 60 c -C!B 30 a
@ -
g bc °© =3 b S 40 a a a
o 50 a ab o 25 o a
< £ b b b 2
« 40 « 20 = 30
3 3 5 a
c 30 c 15 T
S 5 S 20 ]
b 20 g 10 E
< 10 < & 10
2 S ° =
0 0 0
zoL z1L z-3L Z-5L z-10L zoL z1L z-3L Z-5L Zz-10L 7oL z1L Zz3L Z-5L z-10L

Z-L Nanocomposite

Figure 5 Comparison of change in secondary structure distribu-
tion, in the amide I region, with the addition of Laponite. a B-sheet
shows increase, b a-helix shows decrease, and ¢ B-turns show
increasing trend, indicating that the addition of Laponite to zein
promotes the decrease in ordered structure and gives rise to more
disordered structure. Different letters above error bars signify

Z-L Nanocomposite

Z-L Nanocomposite

statistically significant differences according to Tukey’s pairwise
comparison (p < 0.05). Although the area under the peak shows
an increasing trend for P-turns, the standard deviation is high.
Therefore, these data points are not considered significantly
different by Tukey’s pairwise comparison. Therefore, the columns
for B-turns have the same letter above them.
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Laponite Nanoparticle

Octahedral Sheet {
Tetrahedral Sheet {
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a helix structure of Zein

Breaking of the hydrogen
bonds

Octahedral Sheet {

B sheet structure of Zein

Laponite Platelet

B sheet structure of Zein

Figure 6 Proposed mechanism of interaction between zein and Laponite.

not observed, leading to the conclusion that no Si-C
bonds were formed.

Differential scanning calorimetry

The differential scanning calorimetry (DSC) gives
information of the changes in the thermal properties
of the nanocomposites, which can be a direct result of
the interaction and physical or chemical bond for-
mation between the polymer matrix and nanoparti-
cles. In Fig. 7a, the DSC thermograms of the zein-
Laponite nanocomposites shifted (right) to higher
temperatures with increasing Laponite content and
the glass transition temperature Ty showed an
increase with increasing Laponite content. This is also
clearly shown in the histograms in Fig. 7b. The
increase in Ty is probably due to the higher restricted
chain mobility resulting from the interactions of
Laponite and the zein polymer chains. This result
confirms the FTIR findings, which show that the

@ Springer

formation of new bonds between Laponite Si-O and
zein eliminates some of the degrees of freedom of the
conformation of zein. Interactions with Laponite
make zein more rigid, resulting in an increase in f-
sheet conformation and a decrease in a-helices. This
result is also in good agreement with mechanical
properties, which show higher tensile strength with
increasing Laponite content.

Other studies showed that the addition of Laponite
as well as other clays like montmorillonite increases
the T, of PMMA [58]. Similar results were reported
by Manisara and Pancheri, where they found that the
addition of cellulose microfibrils to zein increased the
Ty of zein films [15]. Other biopolymer-nanocom-
posite studies show a similar trend of nanofillers
bonding with polymeric chains, thereby creating a
more compact and rigid structure, which increases
the Tg. This increase correlates with the tensile
strength and Young’s modulus and with a decrease
in the % elongation at break [59].
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Figure 7 a DSC thermograms of zein—Laponite nanocomposites.
b DSC histograms of zein—Laponite nanocomposites. Addition of
Laponite increases the glass transition temperature, indicating that

Water vapor permeability

The water vapor permeability (WVP) is an important
property that guides the application of the biopoly-
mer. An increase in permeability is sometimes
desired, for example, for wound dressings [60],
whereas in some cases a decrease in WVP is crucial
for applications such as biosensors and packaging
materials. WVP of zein-Laponite nanocomposite
films is shown in Fig. 8. The data suggest that the
WVP decreased as the Laponite content increased up
to Z-10L. The WVP decreased the most (about 40%)
for Z-10L. It appears that the influence on barrier
properties has a linear relationship with Laponite
content. The improvement of water vapor barrier

a
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I |
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Z-Lap Nanocomposites

Figure 8 Water vapor permeability decreased with increasing
Laponite concentration, indicating that the presence of Laponite in
the zein polymer matrix creates a tortuous path for the water

molecules to escape. Different letters above error bars signifies a
statistically significant difference (p < 0.05).
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Laponite forms a bond with zein polymer chains and increases
rigidity, and hence raises Tg. Different letters above error bars
signify a statistically significant difference (p < 0.05).

properties of Z-L nanocomposite films is due to the
presence of impermeable Laponite platelets that are
distributed in the polymer matrix in a manner that
increases the effective diffusion path length. The level
of improvement depends not only on the nanocom-
posite structure (intercalated, exfoliated or some
intermediate), but also upon the relative orientation
of the sheets or nanoplatelets in the matrix. The
Laponite orientation can result in highest tortuosity
when the nanoplatelets arrange perpendicular to the
direction of diffusion. Any kind of deviation from
such an arrangement results in an increase in WVP.
From the TEM images shown in Fig. 1, we can see
that on average the nanoplatelets are randomly ori-
ented. However, within small aggregates or domains
the nanoplatelets are not exfoliated, but remain
intercalated. Parallel orientation or intercalation of
Laponite within small domains further increases
barrier properties through creating a tortuous path
for small water molecules. This effect can be observed
when comparing water vapor permeability data of Z-
5L and Z-10L in Fig. 8.

Water contact angle measurements

Several studies from the literature report a relation-
ship between water contact angle measurements and
water vapor permeability [61-64]. The authors usu-
ally find that an increase in hydrophobicity leads to
an increase in water vapor barrier properties. One
explanation for such behavior is that polar H,O
molecules cannot be readily adsorbed to nonpolar
film surfaces or hydrophobic surfaces, which

@ Springer
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ultimately results in a reduction in water vapor per-
meability. Since Laponite is hygroscopic as well as
hydrophilic, we would assume that the addition of
Laponite will increase the hydrophilicity of a poly-
mer nanocomposite, which in turn may reduce the
barrier properties of the film. Here we investigate the
surface hydrophilicity by presenting water contact
angle measurements (WCA) on zein-Laponite sur-
faces. We then determine how the changes in WCA
are correlated to the WVP findings presented above.

Water contact angle, WCA, measurements were
taken from the zein-PDMS contact side. Figure 9
shows the average WCA values for films with dif-
ferent Laponite concentrations. The control zein and
the Z-L nanocomposites showed hydrophilic prop-
erties, as their WCA was lower than 90°. Control zein
had a contact angle of 54° which is consistent with the
findings from the literature [38]. However, as Lapo-
nite was added to zein, the WCA started to increase;
the highest WCA recorded was 64.77 + 1.76° for Z-
5L nanocomposite. Surprisingly, Laponite addition
slightly increased the hydrophobicity, by increasing
the WCA. The change in the WCA with different
concentrations of Laponite can be the function of
surface morphology of the films, coating of the
Laponite with zein polymer and orientation of the
nanoparticle in the nanocomposite. Similar results
were found for montmorillonite clay, MMT, which
increased the water contact angle of methyl cellulose
[65] and regenerated cellulose [66] nanocomposites.
Another study on Cloisite 10A, a hydrophilic

a ab
ab ab I I
Z-1L Z-3L Z-5L z-10L
Z-L Nanocomposite
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50
40
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20
10
0
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Figure 9 Water contact angle of zein—Laponite nanocomposites

Water Contact Angle

shows an increase with increasing Laponite concentration. The
presence of Laponite slightly increases the hydrophobic properties
of zein. However, the WCA of the nanocomposite films is still
within hydrophilic range. Different letters above error bars show
statistically significant differences (p < 0.05).
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nanoclay, and zein also showed an increase in WCA
[17]. Our data suggest that the increasing amount of
zein-covered Laponite surfaces prevented the
spreading of the water droplets and increased the
WCA. This may be correlated to the formation of
hydrophobic Si-N groups (Si from Laponite; N from
amide) on the surface, which is supported by the
FTIR results (Fig. 4). As the degree of surface
hydrophobicity increased, the WVP of nanocompos-
ite films decreased. This trend may indicate a rela-
tionship between contact angle changes and water
vapor barrier due to the presence of Laponite in the
polymer matrix.

Mechanical property

Mechanical properties of nanocomposites constitute
an important factor in its various biomaterial appli-
cations. Nanocomposites should withstand different
stresses, whether used as microfluidic substrates, as
scaffolding materials or in food packaging. The
mechanical properties of zein-Laponite nanocom-
posites including tensile strength (TS), Young's
modulus (YM) and % elongation at break (EAB) are
shown in Fig. 10. With increasing Laponite concen-
tration the tensile strength and the Young’'s modulus
increased, while the elongation at break decreased.
The Z-L nanocomposite films had greater Young's
modulus and tensile strength than the pristine zein
films. The tensile strength which is the maximum
tensile stress that the sample can carry before rupture
improved the most for Z-10L. The tensile strength of
the pristine zein control was 2.26 &+ 0.48 MPa and
increased to 5.53 £ 0.17 MPa when 10% Laponite
was added (Z-10L). This corresponds to a 150%
increase in tensile strength. The Young’s modulus,
YM, increased from 41+ 1.9 MPa (Z-0L) to
114 £ 7.8 MPa (Z-10L), which corresponds to a 180%
increase. The elongation at break, EAB, decreased
with increasing Laponite concentration. The reason
behind the decrease in EAB with increasing Laponite
concentration can be attributed to the Si-N and Si-O
bond formation (as seen in FTIR results), due to the
interaction between the zein polymer and Laponite
nanoparticles. Increasing Laponite particles increased
the number of bond formation; as a result, the poly-
mer chain experiences restricted mobility and %
elongation at break decreased.

In Table 1, Comparison with property modification
of other zein nanocomposite films from the literature
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Figure 10 Comparison of the different mechanical properties of the zein—Laponite nanocomposites: a tensile strength, b %elongation at
break, ¢ Young’s modulus. Different letters above error bars signify a statistically significant difference (p < 0.05).

Table 1 Comparison of mechanical property modification of different zein nanocomposites (with similar %nanomaterial loading) from

the literature

Zein treatment  Plasticizer % Nanofiller ~ Tensile strength Young’s modulus Refs.
% Increase ~ Value (MPa) % Increase =~ Value (MPa)
L Oleic acid 5 190% 43 1146% 101 Current study
MMT PEG 5 T127% 6.48 1315% 3.36 [7]
CMF Glycerol 4 128% 15.05 162% 14.75 [15]
AL Polyethylene glycol 5 (1)* T153%* 3.8 (4.53)* NA NA [16]

L Laponite, MMT montmorillonite, CMF cellulose microfibrils, AL alkaline lignin

*Zein—AL nanocomposite showed highest tensile strength at 1% loading, but then it started to deteriorate, so tensile strength results for

both 1 and 5% loading are reported

shows that the Z-L nanocomposites had the highest
Young’s modulus improvement compared to the
other nanocomposites of zein.

Conclusion

For this study, novel biodegradable zein-Laponite
nanocomposites were successfully engineered, aim-
ing at understanding the chemistry behind zein-
Laponite interaction, for advanced material design.
Different fractions of Laponite were incorporated into
the zein biopolymer matrix using solvent casting
technique, and their investigation focused on the
effects of Laponite concentration on the mechanical,
thermal, barrier and other physical properties, using
the AFM, TEM, FTIR, water vapor permeability, DSC
and texture analyzer. The experimental findings
show that Laponite has been dispersed uniformly

throughout the zein matrix, which is evident from the
TEM images, FTIR spectra inspection as well as from
the AFM roughness measurement. Films that were
functionalized with the Laponite nanoparticles were
found to be superior combining a relatively high
resistance to tearing (150% increase in tensile
strength) and stiffness (180% increase in Young's
modulus). The WVP of the films decreased 40% on
addition of 10% nanoparticle. The findings in this
study can benefit advanced materials research in
many aspects as it thoroughly explores the underly-
ing chemistry between zein and nanoparticles inter-
action and explains in detail the effect on their
properties. This new and improved knowledge can
lead to several innovative research opportunities
related to enhancement of biodegradable packaging,
designing of high-performance sensor materials and
other biomaterials research with broad applications.
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