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Zein is a major storage protein of corn, with unique amphiphilic film forming properties. It
is insoluble in water, but soluble in 70% ethanol and acetic acid, and has been declared ‘generally
recognized as safe’ (GRAS) by the FDA. Due to new advances in food nanotechnology, zein is
being investigated for various applications such as biodegradable packaging, oral delivery of
proteins and peptides, scaffold for tissue engineering, as well as biodegradable sensor platforms.
The time consuming and highly complicated methods for toxin and allergen analysis in the food
industry necessitates the need for a rapid, selective, compact and easy-to-use method of detection
for analytes. In the scope of this dissertation, we investigated the feasibility of functional zein
nanocomposite films and formation of a zein nanocomposite sensor assembly for rapid and highly
selective electrochemical measurements of food toxins and allergens. Fabrication of a zein based
electrochemical amperometric sensor assembly was studied, first through the comparison of
various zein film characteristics changes with the application of Laponite®, graphene oxide and
carbon nanotube nanoparticles, followed by a proof-of-concept study by detecting the gluten
allergen protein gliadin.

To mechanistically study the functional zein nanocomposite films, Laponite®, a silica
nanoparticle, was added in the presence of 70% ethanol solvent and oleic acid plasticizer. The
films were studied using various characterization techniques like transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM),
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), water contact angle
measurements etc. Through Si-N bond formation between Laponite® and zein, fabricated zein
nanocomposite films showed increase in surface hydrophobicity, water vapor barrier properties,
tensile strength and Young’s modulus. Graphene oxide (GO), a carbon nanoparticle, was also
incorporated into zein through the solvent casting process. Uniform dispersion of GO nanoparticles

within zein matrix were confirmed up to 1% GO loading, and covalent and hydrogen bonding
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mechanisms were proposed. Similar to zein-Laponite® (Z-LAP) nanocomposites, zein-GO (Z-GO)
showed increase in hydrophobic tendencies, rougher surface and a 300% improvement in Young’s
modulus and 180% improvement in tensile strength at only 3% GO loading. Both nanoparticles
increased tensile strength, thermal stability and water vapor barrier property of the films, indicating
a potential for food packaging as an alternative application for the nanocomposite films.

Finally, the research focused on the fabrication of an electrochemical amperometric sensor,
capable of detecting the protein gliadin, which is responsible for the allergic reaction with people
having celiac disease. Novel biodegradable coatings made from zein nanocomposites: zein-
graphene oxide, zein-Laponite® and zein-multiwalled carbon nanotubes (Z-CNT) using drop
casting technique were tested for fabricating the electrochemical sensors using cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and square wave voltammetry (SWV)
techniques. As Z-CNT produced the strongest signals compared to other nanomaterials, the active
tip of the electrochemical sensor was functionalized through a sequence of layer by layer
deposition of Z-CNT nanocomposite, antibody and target analyte. Here, Z-CNT acts as a natural
linker molecule with large number of functional groups, that causes immobilization of capture
antibody and target, to ensure high sensor performance. Both CV curves and SWV curves
indicated successful sequential immobilization of gliadin antibody onto the Z-CNT coated
electrode. The Z-CNT biosensor was successfully able to give CV signals for gliadin toxins for as
low as 0.5 ppm and was highly specific for gliadin in the presence of other interfering molecules,
and remained stable over a 30-day period. The low-cost, thin, conductive zein films offered a
promising alternative for protein immobilization platforms used in sensors and can be extended to

other matrices in biosensors as well as other functional film applications.
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CHAPTER 1. INTRODUCTION

Zein, a by-product of ethanol production from corn, that has multifaceted application as a
biopolymer due to its free-standing amphiphilic film forming ability, is a strong candidate for
environmentally sustainable polymers. Zein has been the material of use in several markets,
including, coatings, adhesives, painting, fabrics, plastics and packaging films, since its first
commercialized in 1939 [1]. However, usage of zein in several industries have dramatically
declined, since the development of cheaper petroleum-based polymers [1-3]. The rising
environmental concern due to the use of limited fossil fuel dependent petroleum-based polymers
has renewed attention to zein as a twenty-first century industrial biopolymer. Since U.S. is the
number one corn producer in the world and more than half of the corn produced in U.S. is for fuel
ethanol production, increasing value of zein would also reduce cost of ethanol production [4].
Applying zein to wider implementation sectors as well as enhancing zein properties would
therefore improve the quality and demand of zein, motivating the bioethanol industry to develop
more efficient and affordable methods of zein extraction.

Developing innovative methods to transform zein protein into more useful commodities,
such as eco-friendly biodegradable packaging materials or reusable biological detectors, will
expand the use of zein and minimize environmental and economic concerns. Even though zein has
multidimensional film forming properties, the brittle nature of the zein films can be a drawback,
which can be compensated by using plasticizers and/or different functional nanomaterials. In-
depth discussion related to the previous studies of zein, zein structure, effect of solvent, plasticizer
and nanomaterial addition, as well as current and potential future applications for zein have been
presented in chapter 2. A potential candidate for zein functionalization is graphene oxide, which
is well-known for its functionalizing properties towards various biopolymers. Chapter 3 provides
an in-depth review of the various biopolymer-graphene oxide nanocomposite studies, and the
effect of solvent polarity as a driving factor for efficient nanocomposite fabrication.

The first objective of this study was to investigate the effect of Laponite®, a silica
nanoparticle, addition on the mechanical, thermal, barrier and surface properties of zein films.
Laponite® is a GRAS material known for its functionalizing properties and use in biomedical

applications. To understand the underlying chemistry of nanocomposite formation and examine



the films for value added applications, the films were studied using an array of various
spectroscopic techniques. Findings from the zein-Laponite® nanocomposite study has been
presented in Chapter 4, which discussed the possible mechanism for binding of zein with the
silicate clay, as well as, the chemistry for various property enhancement of zein as a result of
nanocomposite formation.

Graphene oxide (GO), which is an oxidative form of graphene, is also a material of interest
due to formation of durable, lightweight polymer and biopolymer nanocomposite. The second
objective of this study was to functionalize zein with a GO nanomaterial and thoroughly examine
the effects of nanomaterial addition on the overall properties of zein. In chapter 5, detailed
investigation was undertaken to study the changes in thermal, mechanical, barrier and surface
properties of zein-graphene oxide nanocomposites, propose a nanocomposite formation
mechanism as well as to understand the binding techniques of zein, plasticizer and the
nanomaterials.

In recent years, innovative work in the area of biosensors have increased interest for their
beneficial properties as analytical instruments, particularly, their potential for scaling down, low-
cost, portability and user friendliness, compared to other conventional lab-based techniques [5, 6].
However, efficient disposal and waste management of these non-biodegradable sensors can
become an issue for mass-scale, every-day-use applications. Researchers are currently facing the
challenge to find multipurpose sustainable biosensors that are inexpensive and offer implantability.
To conquer these difficulties scientists concentrated their attention towards biodegradable
biopolymer nanocomposites-biosensors. In this dissertation, zein was investigated as a potential
platform for biodegradable biosensor development.

The various functional groups present in zein can act as an anchoring molecule for the
biological element (antibody) against a specific target analyte. The electrochemical signal resulting
from the capturing of target by antibody immobilized by zein can be used to detect the presence
of analyte in food materials. In order for the detection method to be highly sensitive, the
electrochemical signal produced from zein sensor platform needs to be of high intensity. Since
zein is an insulating polymer, it is highly critical to improve the conductive property of zein
through the addition of conductive nanoparticles. Therefore, the third objective of this research
was to enhance the conductive property of zein through addition of graphene oxide, Laponite®

and carbon nanotubes, and to optimize design and fabrication of an electrochemical sensor. In this



research, an electrochemical method namely cyclic voltammetry (CV) was used for the
electrochemical detection. Upon incubation of the antibody functionalized sensor assembly in
target solution, the cyclic voltammogram changes considerably with a decrease of oxidation peak
current and an increase of reduction peak current, hence, the electrochemical signal could be
utilized as an effective biosensor for target recognition. The fourth and final objective of this study
was to use the as-fabricated zein nanocomposite sensor for the detection of gliadin, a food toxin
responsible for allergic reaction in patients suffering from celiac disease. Since continuous
ingestion of gliadin in celiac disease patients can cause allergic response leading to a large number
of complications, such as growth retardation in children, decreasing bone mineral density in
patients with osteoporosis, and miscarriage and infertility in women, continuous monitoring of the
gluten levels in the product lines of food industry is crucial. Zein-CNT platform was utilized for
direct detection of gliadin solutions at different concentrations to obtain a calibration curve. In
chapter 6, the outcomes of this study have been thoroughly discussed in an impactful manner to

utilize the findings and extend application in other aspects of sensor and functional film research.



CHAPTER 2. LITERATURE REVIEW

2.1 Zein

Zein is a prolamin of corn, which can be found in the rough endoplasmic reticulum of the
corn kernel. Zein constitutes 50-70% of the whole protein body and is insoluble in water, but
soluble in other solvents like 70% ethanol or acetic acid. Since its discovery by Gorham in 1821
[7], it has mainly been used as an industrial polymer and it started being commercially produced
in 1939 [3]. Corn processing by-products e.g. corn gluten meal (CGM), distillers dried grains
(DDG), distillers dried grains soluble (DDGS) and corn gluten feed (CGF) are some of the protein-
rich sources for zein extraction [3].

Zein can be divided into a-zein, B-zein, y-zein, and d-zein, based on their molecular weights
and varying amino acid compositions, as seen in Table 2.1. [8]. Based on these differences the
organization of the protein body can change and also affect the extractability [9]. The most
abundant subfraction of zein is a-zein, which constitutes 70% of the protein, followed by y-zein
which constitutes 20%, while the remaining 5-10 % is comprised of both 6 and 3 -zein. As a-zein
is the most abundantly found zein fraction, it has been thoroughly studied. Recently y-zein has also
become the focus of research due to its rich concentration of cysteine amino acids [10-12]. Due to
a-zein being abundant and well-studied, it was chosen for the nanocomposite formation and sensor

assembly fabrication work in this research.

Table 2.1. Amino acid profile of zein protein subfractions.

Amino Acids (% mol) | a-zein y-zein B-zein d-zein
19kDa |22kDa |16kDa |27kDa |15kDa | 10kDa | 18 kDa

Alanine (Ala) 14.6 13.7 7.9 4.9 13.8 5.5 54
Arginine (Arg) 1.2 1.0 1.8 2.5 3.1 0.0 0.0
Asparagine (Asn) 4.7 3.9 0.6 0.0 1.9 2.4 1.1
Aspartic Acid (Asp) 0.0 0.0 0.0 0.0 0.6 0.8 0.5
Cysteine (Cys) 1.2 1.0 7.3 7.4 4.4 3.9 1.6
Glutamine (Gln) 19.3 16.6 18.9 1.0 16.2 11.8 8.6
Glutamic Acid (Glu) 0.6 0.5 1.8 14.7 1.9 0.0 0.5
Glycine (Gly) 1.2 1.5 9.1 6.4 8.8 3.1 2.7
Histidine (His) 1.2 0.5 24 7.8 0.0 0.0 1.1
Isoleucine (Iso) 4.1 4.9 0.6 2.0 0.6 4.7 4.9




Table 2.1. Continued

Amino Acids (% mol) | a-zein y-zein B-zein d-zein
19kDa |22kDa |16kDa |27kDa |15kDa | 10kDa | 18 kDa

Leucine (Leu) 19.9 17.6 8.5 9.3 10.0 9.4 54
Lysine (Lys) 0.0 0.5 0.0 0.0 0.0 0.0 0.5
Methionine (Met) 0.0 1.5 1.8 0.5 11.2 22.8 26.9
Phenylalanine (Phe) 4.7 7.3 4.3 1.0 0.0 3.9 2.7
Proline (Pro) 11.1 9.8 15.2 25.0 8.8 15.7 17.2
Serine (Ser) 7.6 7.8 5.5 3.9 5.0 6.3 9.1
Threonine (Thr) 1.8 4.4 3.7 4.4 2.5 3.1 5.9
Tryptophan (Trp) 0.0 0.0 0.6 0.0 0.0 0.0 1.1
Tyrosine (Tyr) 4.1 3.4 4.9 2.0 8.8 0.8 1.6
Valine (Val) 2.9 4.4 4.9 7.4 2.5 3.9 3.2

2.2  Zein Structure

One of the earliest and most well-known study on the structural model for zein was conducted by
Argos et al. [13], who investigate the secondary structure, as well as the amino acid sequence of a-
zein using circular dichroism (CD). Using far UV light as the light source and 70% methanol as
the solvent, they identified the secondary structure of zein, having approximately 59% a-helix, 41%
B-turn and 0% B-sheet structures. Later studies by other researchers agreed on the high helical
content but disagreed on the 0% [B-sheet structures. Argos et al. [13], proposed that zein constitutes
of rod-like structures formed by 9 repeat sequences of a-helices organized in an antiparallel fashion,
linked together by polar glutamine turns, as shown in Fig. 2.1(a). While the turns are mainly comprised
of polar glutamine amino acids, the 9 helices are composed of non-polar leucine, alanine and
proline amino acid residues. Based on the number of amino acids in C-terminus, a-zein was further
classified into two subfractions 19kDa and 22kDa, whose C-terminus has the larger number of
amino acids. Garrett et al. 1993 applied statistical modeling, and found results in agreement with
Argos et al. [13] regarding zein having antiparallelly connected hydrophobic helices [11]. They
reported that both 22 kDa and 19 kDa a-zein have identical length in the C-terminus, however, an
additional tenth unit is formed in the 22 kDa a-zein. The researchers proposed a triangular or a
hexagonal net structure, and declared Argos’s circular wheel model inaccurate. Nevertheless, both

studied proposed an overall globular shape of a-zein in 70% methanol [13, 14].



Tatham et al. [15], used 70% methanol solvent and applied CD using far UV range
wavelength and reported a 50% o-helix content, akin to Argos et al.’s study [13], but proposed a
different dimensional ratio (9.9 nm x 0.35 nm) of zein prolate ellipsoid structure. While studying
the purity of a-zein extracted from corn flour using CD, Cabra et al. [16], reported a 56% a-helix
for a-zein and a 40% a-helix content for Z19 zein in 70% aqueous methanol. Although the a-
helices percentage was similar to Argos et al.’s study [13], the B-sheet contents (7% for a-zein)
were not similar at all and rather showed consistency with the study by Tatham et al. [15]. In
addition, the random coil structure of a-zein and pure Z19 were reported to be 8% and 15.4%
respectively, but B-turns were not mentioned and reported as “undetermined” structures [16].

Matsushima et al. [17] investigated the structure of a-zein solubilized in 70% ethanol using
small angle x-ray scattering (SAXS) and dismissed the globular structure of zein and reported a
linear model [17]. SAXS also confirmed that helical repeat units are connected by glutamine rich
turns, and a tenth repeat unit is present in the 22 kDa fraction, as shown in Fig. 2.1 (b).

Based on amino acid sequence and all the previous zein secondary structure analysis, Li et
al. [18]used SAXS and CD to propose a model for zein in acetic acid solution. An oblate ellipsoid
shape for Z19 component of a-zein was proposed with folded dimensions of ¢ = 2.3, b = 4.5 nm
and a = 5.9 nm, while a globular shape for Z22 was reported with dimensions of ¢ =3.4 nm, b =
5.0 nm and a = 5.8 nm as shown in Fig. 2.1 (c). SAXS results indicated that the scaling behavior

of zein in acetic acid solution is similar to that of a rod-like molecule [18].
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Fig. 2.1. (a) A stacking manner zein organizational
model, with antiparallel a-helical, residues connected by
glutamine turns creating a wheel structure, proposed by

Argos et al. [13], (b) A linear planar organizational model
for zein proposed by Matsushima et al.[17], (¢)
Organizational model for zein proposed by Li et al. where
the folded and extended states of Z19 are shown as Z19a
and Z19b models, respectively. Sticks depict the location
of glutamine residues. Reprinted with permission from
ref [18]. Copyright 2011, American Chemical Society.

Later studies [15, 18-20] all build upon the previous models by Argos and Matsushima,
and they all agree on the basic structure of zein with hydrophobic helices connected by glutamine
turns [21]. Other than this, the studies cannot agree on any other aspects, and this difference of
opinion can be attributed to the variety of sources of corn as well as the difference in extraction
and sample preparation methods. In order to completely comprehend the role of chemical changes
in zein, it is crucial to understand the structure of zein, hence the well-established models of zein
Argos et al. 1982 [13] and Matsushima et al. 1997 [17], as well as, the most recent study by Li et.

al [18] were the basis for zein structure and nanocomposite formation discussion in this work.

2.3 Zein Films: Effect of Solvents, Plasticizers and Nanomaterial Addition

Zein’s unique amphiphilic film forming property enables it to be utilized for various
applications. As zein comes from a natural food source, FDA has declared zein to be generally

recognized as safe (GRAS). Unfortunately, zein's insolubility in water and its shortage of



fundamental amino acids, for example, tryptophan and lysine makes zein unsuitable for human
consumption. During the 1950s, zein had become largely well-known, and it was used in various
coatings, as well as sold in a fiber form called “Vicara’, as a replacement of silk. In recent years
zein has found application as animal feed, pharmaceutical coatings and packaging material [8].
Zein has also been the focus of many research projects, where its application varied from
encapsulating nanoparticles [22] to colloidal suspensions [23] to research focusing on zein’s film
forming properties [24]. Zein needs to be dissolved in a suitable solvent for almost all of these
applications, and for many of these applications a physical modification or chemical modification
is required. Therefore, a thorough understanding of the changes in zein conformation in solution
as well as in presence of different additives like plasticizers, nanofillers is necessary.

The effect of different types of solvents, solvent concentration, temperature and pH have
been studied using FTIR, CD, AFM etc. [25]. In the secondary structure analysis of proteins, peaks
between 1610-1640 cm™! indicate B-sheets, peaks between 1640—1650 cm™' indicate random coil,
while a-helix and B-turns structures give characteristic peaks around 1650-1660 cm™' and around
1660-1700 cm' respectively. When ethanol and isopropanol was used as solvents for zein,
random coil structures decreased to zero, while a-helix increased. Higher %p-turn was observed
for isopropanol compared to ethanol. As a-helix structures are linked through hydrophilic
glutamine turns [13, 17], therefore increasing B-turns increases the surface hydrophilicity of the
films [26, 27]. During zein film preparation, raising the concentration of alcohol up to 90% (v/v),
resulted in optimized protein molecule electrostatic interaction, which increased tensile strength.
However, increasing alcohol concentration over 90% (v/v) resulted in electrostatic repulsion,
causing reduced tensile strength of films. Another study showed reducing alcohol concentration
below 50% (v/v), could also cause electrostatic repulsion, evidenced by a —46.0 mV zeta potential
[25]. Studies have also shown that, increasing alcohol concentration up to 90% caused increased
water vapor barrier properties, as the up to this concentration

In another study by Bugs et al. [29], the CD results displayed when water content is increased
to 72% in a water/ethanol solution for zein, a-helix content only showed slight change, owing to
the main-chain hydrogen bonds in the secondary structure being protected from the solution,
therefore preventing any alteration. Using CD, the researchers showed that when 70% ethanol is
used as a solvent for Z19, at pH 6 or higher, a negative charge is observed which favors a-helix

formation, but at lower pH from 3 to 6, a-helix decreased and B-tuns and random coils increased.



Guo et al. [30] studied the effect of zein concentration and the drying technique on the
topography of the zein molecules and their orientation, by studying zein in 70% water-ethanol
solution air dried over mica surface using AFM. They reported that, zein exhibited globular
structures with 150 to 550 nm diameter range at higher concentration, whereas at lower conc. (1
ng/mL) they displayed more homogenous distribution of diameter, as shown in Fig. 2.2. Some rod
like structure and doughnut like structure (which resulted from merging of rod like structures) were
also observed, which increased with rapid drying and decreased when drying rate was slowed
down. The mechanism of zein film formation can be explained through increased concentration of
zein with solvent evaporation which leads to more hydrophobic interactions, disulfide bonding,

and hydrogen bonding between zein molecules.

Fig. 2.2. Surface topography using AFM, for characterization of 70% ethanol solvent cast zein
on mica substrate (left: concentrated, right: diluted). Reprinted from ref [30], Copyright 2005,
with permission from Elsevier.

AFM was also used to investigate the effects of solvents on the surface morphology of zein
films fabricated using the spin coating method [26]. When zein dissolved in acetic acid is spin
coated, the positive charge of the glutamine turns cause the zein molecules to orient themselves
horizontally on the negative silicon surface causing a smoother topography, as seen in Fig. 2.3 (a).
On the other hand, when zein is dissolved in 95% ethanol the overall charge of glutamine turns are
negative, and zein molecules are oriented vertically on the negative silicon platform resulting in a
rougher surface, as seen in Fig. 2.3 (b). The higher surface roughness leads to a decreased water

contact angle, making the surface more hydrophilic.



(b)

Fig. 2.3. Surface topography characterization using AFM (a) glacial acetic acid solvent cast zein
films and (b) 95% aqueous ethanol solution cast zein films. Reprinted with permission from
ref [26]. Copyright 2009 American Chemical Society.

Zein films are highly brittle and usually needs some form of plasticization in different
applications, and thus understanding the molecular interaction between the plasticizer and zein can
be of great use for zein application research. In a study that compared different plasticizers for zein
[31], showed that in a glycerol plasticized zein film, hydrogen bonding takes place between the
water and glycerol with the amide groups of zein, which can be detected through FTIR. On the
other hand, when 2-mercaptoethanol is used, it breaks the disulfide bonds of zein to create a linkage
which is undetectable in FTIR [31]. Another study showed that addition of glycerol plasticizer
increases the free volume and random coil structure formation through significantly decreasing the
B-turn fraction [25]. The study also showed up to 20% (w/w) addition of glycerol, increased %
elongation at break by 20% and tensile strength increased by 40 MPa. This finding correlates with
the free volume theory, as increased free volume allows more mobility in the polymer, granting
higher degree of elongation under the same level of stress. However, above 20% loading, the
tensile strength starts to drop, hence the 20% glycerol content can be considered as the critical
plasticization point [32].

In the study by Athamneh et al., critical glycerol plasticization point for zein was found at
around 16% w/w, when the secondary structure developed an opposite trend [32]. The study
showed that, initially glycerol plasticization increases %[-sheet, until the critical plasticization

point has been reached, then B-sheet decreases with increasing glycerol concentration. Glycerol
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cluster formation at the binding sites of glycerol and zein, reinforces zein-glycerol linkage and
improves the tensile strength of the films.

The combined and individual plasticization effect of glycerol and oleic acid on zein films’
mechanical properties were explored by Xu et al. [33]. Zein secondary structure remained
unaffected by the varying ratio of plasticizers as seen from the FTIR results. As the ductility of
zein films was not related to increasing content of B-sheet and decreasing of a-helix, the authors
proposed that a plasticization by glycerol and oleic acid took place through alteration of zein
supramolecular structures.

Oleic acid plasticized zein films were studied using SAXS and WAXS to understand the
plasticized zein structure [34] Inter-helices d-spacing were raised due to oleic acid, which was
utilized to propose diverse structural models for zein-oleic acid resin films, that discussed either
tetrameric zein aggregates or two layer zein aggregates separated by oleic acid bilayers.

To further improve the properties of plasticized zein films, and make them more competitive,
researchers have explored addition of different nanomaterials like nanoparticles, nanotubes,
nanoclay to zein films. The organization and dispersion of these additives in zein films is often
relevant and needs in-depth study.

Luecha et al. have studied the addition of montmorillonite clay (MMT) to zein films through
solvent casting and film blowing extrusion technique as shown in Fig. 2.4 (a) [35]. TEM showed
complete exfoliation of the nanoclay in both solvent cast and extruded films. Visual observation
of the solvent cast films as shown in Fig. 2.4 (b) and blown extrusion films in Fig. 2.4 (c) shows
that addition of MMT does not affect the translucency of the films and both types of films give a
glossy yellowish appearance. The XRD showed that in both types of film preparation methods the
MMT peaks disappeared when added to zein, which also is an indication of complete and uniform
dispersion. Increasing the amount of MMT failed to enhance tensile strength and barrier properties
of the films in a linear manner. However, MMT successfully improved the thermal stability of

both types of films.

11



Fig. 2.4 (a) Film blowing extrusion technique steps showing solubilized zein containing MMT
(step 1), precipitation of the solution (step 2), formation of zein-MMT resin (step 3), cold
extrusion (step 4), and formation of zein-MMT balloon (step 5). (b) Visual observation of
solvent cast (SC) zein MMT nanocomposite films with 0%, 1%, 3%, 5% and 10% MMT
loading (c) Visual observation of blown extruded (BE) films with 0%, 1% and 3% MMT

loading. Reprinted by permission from Springer Nature Customer Service Center, Springer,
Journal of Materials Science, ref [35], Copyright 2010.

In a study investigating the effect of MMT nanoclay on zein nanofiber mats showed that,
coexisting intercalated MMT layers as indicated by TEM and XRD, are responsible for the
increase in thermal stability and hydrophilicity. Compared to the zein films contact angle of 74°,

the contact angle of the nanofiber mats increased up to 133°, due to the nanofibrous network

12



structure. With further addition of MMT, the contact angle went down to 95° indicating a more
wettable surface, widening the application fields for the zein-MMT nanofiber mats [36].

Manisara and Parichat, extracted cellulose microfibrils (CMF) from banana peels using acid
hydrolysis, creating nanofibrils of 26nm diameter which was then used to functionalize zein films
with glycerol plasticizer [37]. The addition of up to 4 wt% CMF gave the highest tensile strength
and Young’s modulus, but the films became rougher and elongation at break reduced.

In a similar study [38], magnetic iron oxide nanoplatelet loaded zein resin films were
fabricated. The XRD results confirmed successful preparation and dispersion of nanofillers due to
the observation of highly ordered and exfoliated nanocomposites. The variations in intensities
between the XRD spectra of exfoliated and highly ordered nanocomposites demonstrated
improved orientation of nanofillers within the zein matrix. The nanocomposites' gas permeability
properties are lower than zein-only films, where highly ordered nanocomposite showed the lowest
permeability. In addition, improved nanoplatelets orientation increased the nanocomposite

elasticity as shown in Fig. 2.5.
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Fig. 2.5. Control and nanocomposite zein films. Reprinted with permission from ref [38].
Copyright 2012, American Chemical Society

The functional zein films produced from plasticization, as well as nanomaterial addition
showed great potential for packaging due to increased barrier and tensile properties. Due to its
biocompatibility, amphiphilic nature and adhesive film forming properties, zein nanocomposites
and nanostructures can also be implemented in other application fields like biomedical and sensor

research.
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2.4 Zein Application: Scaffolding, Microfluidic Devices and Optical Sensors

In the biomedical field, wound dressing is a very critical component in the healing cycle
because careful wound treatment will speed up wound recovery. Electrospun zein nanofibrous
mats with diameters ranging from 350-500 nm were functionalized with silver (Ag) nanoparticles
for wound dressing application, which showed excellent antibacterial performance against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). The zein/Ag mats were
characterized using FE-SEM, TEM and XPS, and exhibited uniform fibrous structure, effective
adhesion of cells as well as good cytocompatibility. Hence the nanomats proved to be an excellent
candidate for wound dressing applications for the synthesis of new bactericides. [39]

When biomaterials are used in artificial blood prostheses, blood compatible surfaces need to
be engineered to reduce platelet surface interactions and enhance the foreign substance's
thromboresistance. Electrospun zein-single wall carbon nanotubes (SWCNTs) fibrous
nanocomposite scaffolds demonstrated hydrophilicity and antithrombogenicity [40]. SEM and
TEM tests showed highly smooth uniform zein nanofibers with different loadings (0.2wt % -1
wt%) of SWCNTs. TGA showed increased thermal stability, while retention ability and water
uptake of composite scaffolds decreased with increasing concentration of SWCNTSs. The novel
Zein-SWCNTs composite scaffolds showed potential application for a promising biomaterial and
antithrombotic material for tissue engineering application, due to its platelet adhesion ability and
hemolytic property.

Thin zein films with microfluidic chambers and channels using standard stereo lithography
and soft lithography techniques were fabricated for the application of disposable green
microfluidic device for biomedical and agriculture applications [24]. Ethanol vapor deposition
technique was applied to create zein-zein and zein-glass adhesive surfaces with little to no trapped
air and minimal shape deformation. A Rhodamine B solution concentration gradient through an
interlinked letter stream (Fig. 2.6 (a)), a microfluidic stream and chamber network (Fig. 2.6 (b)),
and a solved microfluidic maze with numerous false microfluidic network routes (Fig. 2.6 (c)) can
be seen. Zein's simplicity of procurement and bonding, as well as, flexibility and moldability grant
great opportunities for design and manufacturing of microfluidic devices from eco-friendly

materials that are non-dependent upon limited petroleum-based polymers.
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Fig. 2.6 (a) A Rhodamine B solution concentration gradient through an interlinked letter stream
(b) a microfluidic stream and chamber network, and (c) an alleviated microfluidic maze with
numerous false microfluidic network routes. Reproduced from Ref. [24] with permission from
The Royal Society of Chemistry, Copyright 2011.

A nanophotonic gold coated platform made from zein was used to detect the main allergen
protein, Ara hl using surface enhanced Raman spectroscopy (SERS) [41]. The step-by-step
manufacturing process schematics of zein-SERS detectors are shown in Fig. 2.7. Highly selective
platforms were fabricated by functionalizing the zein SERS platform with monoclonal ara hl
antibody. Using a statistical clustering technique principal component analysis (PCA), the limit of
detection was determined to be 0.14 mg/ml, which proved zein’s feasibility as a platform for
optical sensors using surface enhanced Raman spectroscopy. Biodegradable zein/gold SERS
platform was also tested for the detection of acrylamide, by identifying a unique characteristic
SERS peak at 1447 cm ![42].The detection range for acrylamide was between 10 mg/ml to 10
pug/ml, and limit of detection was 10 ug/ml, once again proving the applicability of zein as a
biodegradable optical sensor platform for the detection of food toxins and pathogens found in food

samples.
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Fig. 2.7 (a) Manufacturing process schematics of zein-SERS detectors. PDMS has been used as a
model for positive pyramid frameworks. Zein solution was poured on the structure after being
gold coated with an e-beam evaporator. Upon drying at ambient temperature inside a desiccator,
zein films are stripped to give inverted gold-coated pyramid structures. (b) Macroscopic image of
zein-SERS sensor on gold-coated side, where the squared area shows location of nanophotonic
patterns. (c) SEM images of the inverted pyramid structures. Reprinted from ref [42], Copyright
2016, with permission from Elsevier.

Although there are some notable studies on zein as a biodegradable platform for optical
sensors and microfluidic devices, with its insulating properties, zein can act as an insulating layer
in electrochemical biosensors and due to its various functional groups like -CH3, -COOH and -
NH;3 groups it can even play a bigger role as an immobilizing platform for capturing biorecognition

elements in different electrochemical biosensors.

2.5 Electrochemical Biosensors

A biosensor is a diagnostic tool utilized for the recognition of an analyte, that consolidates a
biological element capable of recognizing the target analyte and a physicochemical detector which

generates a signal, proportion to the concentration of the target. The sensitive biological
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component can be any biological material derivative that interacts, e.g. antibodies, cell,
microorganisms, tissue etc. and recognizes the analyte being studied. Nano-biotechnology has
been a significantly novel procedure to build straightforward and dependable monitoring
frameworks for food safety. Because of the large variety of molecular species connected to food
safety, the qualities of sensors must be constructed depending on the food source, target analyte
concentration distribution, the particular response, and simplicity of application. Nanomaterials
help in further improving the conventional benefits of electrochemical biosensors, for example,
immediacy, simplicity of fabrication and field applicability. Moreover, nanomaterials enrich
electrochemical biosensors with device miniaturization, as well as, increased specificity and
sensitivity, giving them incredible potential to evaluate on-site food safety monitoring. With the
advancement of present-day agriculture and the food industry, there is a drastic increase in food
variety and quantity. Consequently, food safety holds extraordinary socioeconomic impact and
pulls in worldwide consideration. There is a great variety and complexity of molecular species
concerning food safety [43]. Particularly, food safety is threatened by use of illegal additives,
pesticides, pathogens, organic compounds, heavy metals and toxins. These species can result in
foodborne diseases, seriously affect human health, not to mention the income of various food
companies. The expanding interest for rigorous monitoring and testing of hazardous materials in
food prompts a boom in the food safety sensor research. Instrumental simplicity, portability and
low cost are some of the benefits of modern electrochemical biosensors. Voltammetric techniques,
encompassing cyclic voltammetry (CV) [45], square wave voltammetry (SWV) [46], differential
pulse voltammetry (DPV) [45] and linear sweep voltammetry (LSV) [45] have been extensively
implemented in food safety analysis. Another technique that has recently garnered attention is the
electrochemical impedance spectroscopy (EIS).

One of the most common technique used in electrochemistry to routinely examine the
electrode performance and identify transfers of electron related to biofilms or microbial cells, is
cyclic voltammetry (CV) [44]. Usually in CV, the electrochemical cell consists of a three-electrode
system, which are immersed in the electrolyte solution containing the molecule of interest as
shown in Fig. 2.8 (a). The anode or cathode can also be combined with the analyte and acts as the
working electrode. The counter electrode observes the current change in the working electrode and

passes the necessary current needed to restore balance (e.g., platinum wire); a reference electrode,
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serves as a tool in quantifying the potential of working electrode (e.g., Ag/AgCl) and it does not
pass any current [44].

Voltammetry is a sensitive analytical technique that informs us about a given analyte's
thermodynamics and electron transfer kinetics. To understand the electrochemical process, we can
consider that simplest possible voltammetric experiment which involves a simple redox reaction
between the electrode and electrolyte solution (equation 1), and diffusion of electroactive
substances:

Redso1 @ OxXsol + nE—......... (1)

Where, sol = dissolved species, n = stoichiometric number of electrons. The electron transfer
results in the change of potential, if the change in the potential of the electrode is measured in one
direction, then the experiment is referred to as linear sweep voltammogram, but if the electrode
potential change is measured in forward and reverse direction (Fig. 2.8 (b)), then after the potential
reaches a certain value it stops and continues in reverse direction and returns to the starting
potential, creating a cycle, hence the name cyclic voltammetry (CV) [45], and the resulting

voltammograms are shown in Fig. 2.8 (¢).
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Fig. 2.8. (a) Typical three electrode electrochemical cell (b) Standard diagram for variation of
potential and (c) Ideal model for I-E curve in the cyclic voltammetry technique. Reprinted by
permission from Springer Nature Customer Service Center, Springer, ChemTexts, ref [45]
Copyright 2018.
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Cyclic voltammetry is a very useful technique for measuring electrochemical properties of
different materials in solution or thin film where, the films are coated on the electrode. It is a fairly
straightforward and simple technique that allows one to detect relative electrochemical potentials
with an internal standard as long as the analytes show reversible redox behavior. Primarily CV is
used to obtain information for battery applications and for organic electronics, CV can be used to
obtain information on frontier orbital energy levels of various materials. [46]

To achieve a higher sensitivity, a continuous potential ramp in cyclic voltammetry (Fig.
2.8(b)) can be replaced with a potential-time staircase feature (Fig. 2.9 (a)), where the current can
be determined at the end of each potential phase, the input of charging current can be removed and
the reliability and responsiveness of voltammetric data significantly enhanced [45]. At the end of
each forward and reverse pulse, the current values are the forward (Irr) and reverse (Irev)
components of a voltammetric reaction (Fig. 2.9 (b) and (¢)), called the square wave voltammetry,

which is an advanced form of cyclic voltammetry.
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Fig. 2.9 (a) Cyclic staircase voltammetry producing a typical Potential wave-form. In inset T =
potential step duration and AE = staircase potential scan increment; (b) square-wave
voltammetry potential modulation; (c) typical square-wave voltammogram. Reprinted by
permission from Springer Nature Customer Service Center, Springer, ChemTexts, ref [45]
Copyright 2018.

Recently, SWV has gained popularity as a suitable and inexpensive replacement to the time-
consuming and costly techniques like spectrophotometry, or chromatography, for the detection of

many significant biological and inorganic compounds. The simple set-up, quick response, the

19



variety of modes that can be applied, alongside its sensitivity, make the SWV the preferred
technique for detection of significant classes of compounds for example pesticides, harmful
additives, pathogens, drugs, heavy metals etc. as can be seen in Table 2.2 .

Electrical impedance spectroscopy (EIS) is another impactful technique for investigating the
electrical properties of a wide variety of materials. The basic principle is to apply to the sample
analyte, a sinusoidal test voltage or current, and measure its impedance over an appropriate
frequency range [47]. Using this method, we can gain insight into sample’s behavior and properties,
as the impedance spectra analyzed are fitted with an analogous electrical model reflecting the
sample's electrical fingerprint. EIS can be applied to various field of science, due to its rapidity,
simplicity in characterizing different samples like liquid, semiliquid, solid, inorganic as well as
organic compounds [47]. Fig. 2.10 (a) shows equivalent circuit, which acts as a model for the
impedance generated in a three-electrode electrochemical cell, where Warburg impedance ‘Zw’ is
the impedance generated from the reactants’ diffusion process, charge transfer resistance ‘Re¢’ is
caused by electrolyte solution-working electrode redox reaction, electrical resistance ‘Rs’
experienced by the electrolyte; and double-layer capacitance ‘Cqai’ is the capacitance between the
at the electrolyte-working electrode interface. Fig. 2.10 (b) shows a Nyquist plot that describes the
electrical circuit of Fig. 2.10 (a). At high frequencies, the plot is a semicircle whose diameter is
the same as charge transfer resistance Rt and for low frequency, the plot is a straight line with

slope 45°, due to dominant Warburg impedance.

(a) (b) &
£
Rs (—%,
VAUAY — £
£

—\'W\V— Zw

Z' Real Impeadnce

A = Region for High Frequency (MHz - kHz)
B = Region for Low Frequency (Hz - nHz)

Fig. 2.10 (a) Equivalent electrical circuit of the biosensor; (b) Nyquist plot of the equivalent
circuit.

20



2.6 Nanomaterial Based Electrochemical Sensors for Food Safety

Due to the unique chemical and electrical properties of nanomaterials, their incorporation in
electrochemical biosensors can potentially improve reaction speed, selectivity and sensitivity to
address the issue of contaminant identification in complex food materials. Novel functional
nanomaterials are the key elements of numerous biological and chemical sensors, which are
investigated to improve the competence of existing devices or bring new viewpoint in food safety
[43]. Nanomaterials have two major functions in biosensors: to enhance the transducer response
characteristics and as the bioreceptor immobilization matrix. Electrochemical biosensors designed
for food safety have incorporated nanomaterials like magnetic nanoparticles, metal and metal
oxide nanoparticles, carbon-based nanomaterials as well as, molecularly imprinted polymers.

Carbon nanotubes are classified into two types, based on the number of rolled layers 1. single
walled carbon nanotubes (SWNTSs), 2. multi-walled carbon nanotubes (MWNTs). SWNTs and
MWNTs are essential resources for the manufacture of electrodes in biosensors because of their
particular electrical, chemical and mechanical properties. To improve their functionality, CNTs
can be combined with other materials, for example, ionic liquids, polymers or metal nanoparticles
or to improve their biocompatibility and solubility they can be used with carboxyl or amino groups.
Multiply nested graphene sheets are used to form MWNTs and their variable diameters can go up
to 100 nm [43]. As MWNTs have the advantage of unique physical properties, large surface areas,
moderate prices and adjustable lengths, they are strong contenders for implementation into
biosensor. MWNTs are frequently the choice of material used to expedite transmission of electrons
between the electroactive species and the electrode. In addition, MWNTSs can be combined with
various metal nanoparticles to generate supplementary electrocatalytic sites, enhance electrode
sensitivity and improve detection limit.

Du et al. constructed an amperometric biosensor by multi-potential step technique for gold
nanoparticle deposition on a MWNTs film for detection of methyl parathion [48]. A trace nitrite
sensor for pickled food was constructed using an electrochemical layer-by-layer deposition of
ZnO/Pt nanocomposite onto MWNTs modified GCE [49] for the detection of neotame, which is a
non-caloric artificial sweetener. A copper nanoparticle (CuNP) decorated MWNTs was used for
improving the performance of electrochemical sensor [50]. The CuNPs were anchored with

ammonium piperidine dithiocarbamate (APDC) on the MWCNTs, and a platform material was
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formed through weak hydrophobic and hydrogen bond interactions with B-cyclodextrin (B-CD) for
the sensitive detection of neotame [50].

Graphene is a 2-D nanosheet, made of single carbon atoms are arranged in a honeycomb
strucrue. Since its discovery by Geim and Novoselov [51], graphene, alongside its derivatives
reduced graphene oxide and graphene oxide have drawn substantial technological and scientific
interest. Table 2.2 provides several examples of graphene-based nanomaterials in the design of
food safety electrochemical sensors.

Due to graphene’s unique electrochemical, physical and mechanical properties, it has
extensively been applied to different types of biosensors, where various metal nanoparticles have
been anchored to graphene (GR) in different ways to form nanocomposites. AuNPs/GR
nanocomposites owing to its favorable electrochemical activity, robust functional property,
provides an efficient highly sensitive electrochemical sensor platform in food safety. Zhang et al.
has investigated the voltammetric response of AuNPs/GR in sensing caffeic acid and has reported
a much stronger electron transfer kinetics compared to bare GCE [52]. Using electrostatic
interaction, Zhu et al. built a Au nanorod (AuNRs) enhanced graphene nanocomposites (GR-
AuNRs), for detection of methyl parathion [53]. Based on the specific covalent immobilization
process between amino-attached DNA aptamer and its cognate protein lysozyme, a cheap, easy-
to-use EIS sensor was manufactured using chitosan-graphene oxide modified pencil graphite
electrode (PGE) [54]. The inexpensiveness of PGE endowed the potential to fabricate single use
portable protein chip device. The limit of detection foe the sensor was 28.53 nM and the sensor
remained highly specific to thrombin and bovine serum albumin in the presence of interfering

molecules.

Biopolymers such as silk, gelatin, chitosan also play a very important role in these electrochemical
sensors as they are used as a substrate molecule that facilitates the immobilization of antibody or
other linker molecules due to the presence of a large number of functional groups in their structures.
Bombyx mori silk fibroin (BMSF) retains superb physicochemical and biological properties such
as biodegradability and biocompatibility. They can maintain their own properties required for
sensing applications, even when they are molded into numerous forms of hydrogels, ultra-thin and
dense films, etc., thus setting up versatile interfaces with biological detection systems such as

enzymes, aptamers, antibodies, etc. [55].
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Similar to silk, the unique structures of chitosan, multifaceted properties, and highly
sophisticated functionality make it an appropriate matrix for biosensing element immobilization.
The semi-synthetically derived chitosan is an amino-polysaccharide, with a large number of amino
groups, strong biocompatibility and ability to coated as films on the transducer. Due to its non-
conductive properties, it’s often combined with different nanomaterials in sensor applications [54,
56].

Gelatin is yet another biopolymer that has potentially been used in different biosensors,
either as an indicator for protease activity through measuring proteolytic digestion using EIS [57,
58], or used as an immobilizing platform based on ZnO nanocomposite for the detection of
ascorbic acid using cyclic voltammetry [59]. Gelatin’s significant affinity to proteins, nontoxicity,
excellent biocompatibility, biodegradability, good film forming ability and inexpensive production

makes it an excellent candidate for application in biosensors.
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Table 2.2 Nanomaterial based sensors for food safety

Detection Nanomaterials Analytes Detection limit | Ref.
methods
Cv B-CD/MWNTs Herbicide MCPA 0.99 uM [60]
CV MWNTs/ALB Dichlorvos 0.68 ng mL ! [61]
SWV Polypyrrole/SWNTs Quinoline yellow 0.08 uM [62]
SWV NGR-NCNTs Caffeine and vanillin 0.02 uM [63]
SWV AuNPs/MWCPE Thiocyanate 0.005 uM [64]
Cv CNTs@PNFs Peroxydisulfate 0.09 pg mL~! [65]
SWvV AuNPs/MWCPE Nitrite 0.01 uM [66]
Cv COOH-SWNTs Acrylamide 0.03 uM [67]
SWV GR-AuNRs Methyl parathion 0.82 ng mL ™! [53]
Cv P3IMT/NGR Phoxim 6.4 nM [68]
CvV GO Imidacloprid 0.3661 uM [69]
Cv rGO-ATDT-Pt Orange 11 0.34 nM [70]
CvV GR-ATDT Sudan I 40 nM [71]
[0\% PANI/GQDs Cr” 0.097 mg L [72]
SWV GR-PANI Anthracene 0.0044 uM [73]
CvV GR/AuNPs Aflatoxin B 1 fM [74]
CV GS-TH Fumonisins B 1 pgmL ! [75]
EIS CS—PB-MWNTs-H-PtCo Glucose 0.47 uM [76]
EIS APTES-rGO Staphylococcus aureus — [77]
EIS GO/Au aflatoxin B1 0.23 ng ml! [78]
EIS AuNPs/PB/CNTs-COOH bisphenol A — [79]
EIS c-MWCNT/CuNP/PANI Acrylamide 0.2 nM [80]
CV - cyclic voltammetry; B-CD — B-cyclodextriny MWNT- multi walled carbon nanotube ; ALB
— AChE liposomes bioreactor ;CNTs@PNFs — carbon nanotubes functionalized

electrospun nanofiber; COOH-SWNTs — COOH functionalized single walled carbon
nanotubesP3MT — poly(3-methylthiophene); NGR — nitrogen doped graphene; GO — graphene
oxide;; rGO —reduced graphene oxide; ATDT — 5-amino-1,3,4-thiadiazole-2-thiol; GR — graphene;
PANI - polyaniline; GQDs - graphene quantum dots; GS-TH — graphene sheet
and thionine nanocomposite ;AuNPs — Au nanoparticles; SWV —square-wave voltammetry ;
MWCPE - multi walled carbon nanotube/carbon paste electrode; AuNRs — Au nanorod; EIS —
electrochemical Impedance spectroscopy; CS — Chitosan; H-PtCo —hollow PtCo nanochains;
APTES - aminopropyltriethoxysilane; PB - Prussian Blue; CNTs — COOH - COOH
functionalized carbon nanotubes; CuNP — Copper nanoparticles
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3.1 Abstract

Graphene’s invention has catalyzed many new material applications in different fields. It has
been used in combination with different biopolymers to design nanocomposites with improved
mechanical, thermal, electrical, as well as, gas and water vapor barrier properties. This review
focuses on the chemistry and synthesis of Graphene Oxide (GO) and sheds some light on the
different ecological pathways available for graphene oxide synthesis and reduction. The major
pathways for graphene incorporation into biopolymers include; 1) solution intercalation, 2) melt
intercalation and 3) in situ polymerization. The fabrication, application and mechanisms of
bonding between biodegradable biopolymers, like poly (lactic acid), cellulose, starch, chitosan,
alginates, polyamides, and other biodegradable materials, with different forms of graphene
including graphene oxide (GO), reduced graphene oxide (RGO), graphene nanoplatelets (GNP)
etc. are the focus of this review. The paper has been organized according to different methods of
incorporating graphene derivatives into biopolymers, in order to highlight the mechanisms for
chemical bonding-physical changes that biopolymers and graphene nanofillers undergo during the
method of preparation and the impact of chemical changes on end use properties. The information
has been assembled, so that new conclusions can be drawn from the available data. The mechanism
of enhancement of functional properties are evaluated using techniques including Fourier
Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Raman, Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM)
and the synergy resulting from the use of different spectroscopic techniques is discussed beyond

what the individual authors have been able to interpret often from a few techniques. Effectiveness
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of solvents used and reaction conditions have also been focused, in order to offer mechanistic
understanding for the improvement of mechanical properties. The new observations and findings
by comparing all relevant literature will help the reader to look at the whole spectrum of available

methods and materials, in addition to focusing on the original biopolymer-graphene work.

Keywords Graphene ‘Biopolymer - Poly (lactic Acid)- Starch - Cellulose - Chitosan - Alginate

3.2 Introduction

Recent increase in interest towards more environmentally friendly materials have expanded
the consideration of biopolymers and their nanocomposites with improved functional properties,
as alternatives to synthetic polymers. Polymers that have been extracted from renewable resources
are known as biopolymers, and these biopolymers can be classified into three main categories
according to the production methods as shown in Fig. 3.1. Biopolymers require property
enhancements for use in different applications, as they have traditionally higher costs and inferior
property profiles compared to commercial thermoplastic polymers. Inclusion of a large variety of
fillers like layered silicates, nanotubes etc. in conventional polymers lead to notable increase in
their mechanical, thermal, rheological and gas-barrier properties [2—8]. Compared to all these
fillers graphene appears to have a superior ability to result in substantial improvements in
functional properties of polymers. The recent advances in the different fabrication techniques and
modifications of graphene, as well as, the property improvements in poly (lactic acid) (PLA) -
graphene nanocomposites have been reviewed [9]. The recent developments and the applications
of graphene-polysaccharide nanocomposites, have also been reviewed [10]. These polysaccharides
have different functional groups with distinct and divergent properties affecting the chemical
mechanism of their interaction between graphene, resulting in different degrees of property
changes as well as, diverse applications.

For polymer-nanocomposite fabrication, matching the polarity between the polymer and
filler is of great importance for optimal interfacial interactions between the filler and the matrix.
In addition, good geometrical and aspect ratio, large number of functional groups are some of the
attributes that strongly influence the resultant property improvement. Therefore, high surface area,
high aspect ratio, and high strength of graphene, enables it to outperform all other fillers in
nanocomposites [10]. Sufficient interaction and interfacial bonding between the

graphene/graphene derivative and the biopolymer; promotes uniform dispersion, which is of
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utmost importance. The lower number of functional groups in graphene as compared to graphite
oxide (such as carboxyl, epoxide, hydroxyl etc.) results in low surface energy, and lower
compatibility with polar polymer matrices. Because of the higher compatibility with the functional
groups of biopolymers, the oxidized form of graphene, GO has found more application in
biopolymer graphene nanocomposite fabrication, compared to the other derivatives of graphene
like RGO, GNP etc.

This review aims to organize much of the research done on biopolymer-graphene derivative
nanocomposites, including the most recent findings, in more depth, by presenting quantitative
information regarding different types of nanocomposite preparation methods, characterization and
property enhancement in the biopolymer-graphene nanocomposite literature. The organization of
information in this paper is according to manufacturing method, to show their correlation with the
property improvement of biopolymer -graphene derivatives; emphasizing the properties of
graphene and adding new information beyond other reviews, with more in depth interpretations
consistent with this new organization. It is distinctly different from other reviews as it gives a new
perspective on how the nanocomposite preparation method can have a major influence on the
properties of biopolymers even using the same nanofiller, and we believe it will assist researchers

at every stage of research in biopolymer nanocomposite.
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Fig. 3.1. Schematic overview of classification of biopolymers

3.3 Graphene
3.3.1 Structure of Graphene

Even though the history of graphene traces back to 1840 [11], room temperature stable
graphene was not invented until 2004. Andre K. Geim and Konstantin S. Novoselov were the first
to produce room temperature stable graphene [12] and received the highly prestigious Nobel Prize
in 2010, for their innovative research with this amazing material. Graphene consists of a unit
hexagonal cell, organized in a repeating honeycomb structure. In a unit cell of graphene, the
subunits of carbon atoms are joined by sigma (o) bonds (length 0.142 nm) [13] and the m-orbital
from each carbon atom in the lattice, contribute to a network of delocalized electrons, ensuring
enhanced stability of the nanosystems [14]. The original definition of graphene was of a single
carbon layer [15], but now the definition has broadened. If the number of carbon layers is less than
10, it is still considered graphene, but if the layer number is 10 or more, it is then known as graphite
nanoplatelet GNP, or exfoliated graphite nanoplatelet (xGnP) [16]. GNPs has also been defined as

a graphite base nanofiller, whose thickness can vary between 30-80nm [17], depending on the
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synthesis method. However, if the thickness is even lower than 30 nm, the form of graphene is
then referred as graphene nanosheet (GNS)[17]. GNP or GNS contain a very small number of
functional groups (carboxyl, epoxy, and hydroxyl). As a result, GNP and GNS do not go into polar
interactions, or hydrogen bonding so they are considered hydrophobic. A useful derivative of
graphene that has found application in nanocomposites, due to its numerous and diverse functional
groups, is graphene oxide (GO). According to The Lerf-Klinowski model, the carbon plane in GO
is enhanced with hydroxyl and epoxy (1,2-ether) functional groups enabling it to chemically
interact with hydrophilic polymers through bonding with hydrogen [18]. This model, along with
several other models for the structure of GO are depicted in Fig. 3.2. In addition to reinforcement,
graphene nanocomposites find application in chemical adsorption and contaminant detection. GO
has the ability to undergo hydrogen bonding or ionic interactions with heavy metals, which is the
main reason behind its adsorption abilities. The n-r interactions of graphene with aromatic rings
of dyes or drugs, are also why graphene can act as an adsorbent for these chemicals [19-21]. GO
is polar in nature and bears a negative charge, due to many epoxy and hydroxyl groups on its

surface and carboxyl (-COOH) group on the edges and as a result, it interacts better with polar

polymers.
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Fig. 3.2. Summary of proposed structural models of GO, including recent examples (top; Lerf—
Klinowski and Dékany models) as well as earlier examples (bottom; Nakajima—Matsuo,
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Hofmann, Ruess, and Scholz—Boehm models). Reprinted with permission from ref [181].
Copyright 2006, American Chemical Society.

3.3.2 Synthesis of Graphene Oxide and Derivatives

Pristine graphene can be synthesized using different fabrication methods. A well-known
method for large scale production of monolayer or few layer graphene known as chemical vapor
deposition (CVD) [22], includes extraction of carbon atoms from a carbon-rich source by reduction
and consequent growth of graphene films on the surface of metal. On the other hand, for small
sample preparation of single or few-layer graphene, a simple technique includes repeated peeling
of graphene layers from graphite, using an adhesive tape [23]. Also unzipping of multiwall carbon
nanotubes (MWCNTSs), micro-mechanical exfoliation [24], mechanical assisted exfoliation
followed by ultrasonication [25], growth on crystalline silicon carbide etc. are some popular
graphene fabrication methods. There are mainly two routes through which graphite is processed,
in order to obtain graphene-based materials; these are (i) Exfoliation of graphite (ii) Oxidation of

Graphite [18].

Exfoliation of Graphite

Intercalation is the primary step of exfoliation and consists of treating graphite with a mixture
of sulfuric and nitric acid, which causes the interlayer spacing to increase and produces Graphite
Intercalated Compound (GIC). Then exfoliation of the GIC is undertaken by rapid heating or
microwave treatment, producing expanded graphite (EG) [26]. The interlayer spacing of EG, is
more than graphite and GIC, and it consists of loosely stacked thin platelets (30—80 nm) [26]. But
the layered structure and relatively low specific surface area (below 40 m?/g) [27] of EG hinders
its performance as a composite filler [28—30]. So further exfoliation of EG is done using sonication;
or re-intercalation with organic material followed by sonication, which produces GNP with
thickness of Snm or lower [31, 32]. These studies reported the thickness of GNP is in the range of
5-10 nm, whereas, another study reports that the thickness of GNPs are in the range of 30-80nm,
and thickness of GNS is in the range of 3-30nm [17].
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Oxidation of Graphite

The oxidation of graphite to produce graphite oxide, is mainly based on three methods: (i)
Brodie’s method [33]; (ii) Staudenmaier’s method [34], and (iii) the method of Hummers which is
a modification of Staudenmaier’s method [19, 35]. Also there is a modified Hummers method,
which requires shorter time and lower oxidation temperature, but produces GO with larger sheets
and higher thermal stability, as compared to Hummers method [36]. The common thread for
exfoliation of graphite, consists of using a chemical oxidant, like a combination of KClO4 with
HNO:s [33, 34], or potassium permanganate [35]. The oxidation level of these reactions are very
similar (C:O =2:1 approximately) [19] and the oxidation process destroys the n-conjugation of the
stacked graphene sheets resulting in the disappearance of delocalized electronic structure of
graphite. In the oxidized graphite, there are nanoscale graphitic sp> domains, which are surrounded
by highly disorganized oxidized domains (sp®> C\C) [37]. As the electronic structure is destroyed,
graphite losses its conductive properties but its surface become enriched with a variety of oxygen-
based chemical functionalities. During further exfoliation, the phenol, hydroxyl and epoxy groups
are formed at the basal plane and carboxylic acid groups are formed at the edges [23]. In order to
use GO in biopolymer graphene-nanocomposites, many researchers have used the Hummers
method [38—44] , modified Hummers method [43, 45-56], some researchers have also used the
Staudenmaier’s method [57-59] and Brodie’s method [49] in order to fabricate the graphite oxide,
which subsequently exfoliates to GO. Even though GO is structurally different from graphite oxide
due to its quasi-infinite interlayer spacing; but chemically, the two materials are quite similar. GO
retains the oxygen functionalities of its precursor, graphite oxide, but largely exists as mono-, bi-
or few-layer graphene sheets. The exfoliation of graphite oxide to GO is usually achieved through
mechanical stirring or ultrasonication methods in a polar organic solvent or aqueous media.
Mechanical stirring produces graphene oxide of slow and low yield but has larger lateral dimension
than the ones produced using sonication. On the other hand, the ultrasonication method may be
time saving, but often involves structural damages and breaks off GO sheets into smaller fragments
[60]. The vessel diameter and liquid height during sonication can play an important role for large-
scale production of graphene. The cavitation, caused by sonication is the main factor behind
exfoliation and in order to obtain, large scale few layer graphene (FLG), a large quantity of

cavitation volume is required which can be achieved by, large vessel diameter D, liquid height H,
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or D/H, or large sample volume [61]. Fig. 3.3 summarizes the exfoliation and oxidation steps to

obtain GO and GNP from graphite flakes.
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Fig. 3.3. Schematic representation of the steps for exfoliation of graphite to obtain GNP and
oxidation of graphite to obtain GO.

Graphene is a highly conductive material with a conductance of 600,000 S/m. Since, the
delocalized electronic structure of graphite is disrupted during formation of graphite oxide, GO is
considered to have insulation properties. Therefore, GO platelets need to be reduced to generate a
pristine graphene like material. GO has been chemically reduced, using hydrazine [42, 27, 30, 100]
or glucose [73] or thermally reduced, using high temperature up to 1000°C [88, 41, 90] to produce
reduced graphene oxide (RGO). On the other hand, lower temperature (200°-300°C) reduction of
graphene has also been reported [62]. Obtaining high temperature can be expensive and using toxic
reducing agents like hydrazine can be harmful for graphene-based bio-related applications. In
order to eradicate this problem, a great amount of research has been conducted to produce green
reduction agents for graphene oxide. Nontoxic, pure natural, green reduction agents have been
explored to synthesize graphene such as vitamin C (L-ascorbic acid) [63], amino acid [64], alcohol
[65], reducing sugar [66—68], green tea polyphenols [69], wild carrot root [70], phytoextracts, [71],

melatonin [72], bovine serum albumin [73] and bacteria [74]. Dong and co-workers demonstrated
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the usage of glucose, fructose and sucrose in aqueous ammonia solution for the reduction of
graphene oxide [66]. The ammonia contributed to a synergistic augmentation of the reaction rate
and oxygen removal process. Fructose displayed reducing capability towards graphene oxide since
it was capable of undergoing a keto—enol tautomerism under alkaline conditions. As for sucrose,
despite being a non-reducing sugar, it could readily break down into fructose and glucose upon
hydrolysis in an alkaline environment, to affect the reduction of graphene oxide. However, the
reducing capability was lower than that of glucose and fructose. The resulting graphene obtained
from glucose treatment showed good electrocatalytic activity towards dopamine, epinephrine and
norepinephrine. In another work by Min and co-workers. [75], dextran (polysaccharide) in aqueous
ammonia solution was applied. Due to the synergistic effect of ammonia, the reduction step was
shortened to 3 h instead of 3 days. The mechanism of the reduction was postulated to go through
a similar route as that of glucose. Moreover, the obtained graphene showed a measured
conductivity of 1.1 S/m. The conjugation of bovine serum albumin (BSA) with GO [73] showed
that, a change in conjugation conditions (temperature and pH) could provide two different types
of complexes, mainly BSA-GO and graphene conjugates. The amino acid group tyrosine present
in BSA was the main reducing agent. The phenolic groups of tyrosine were ionized at a high pH,

which promoted the electron transfer to GO, resulting in successful reduction.
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3.4 Biopolymer-Graphene Based Nanocomposites

The discussion of different biopolymer-graphene nanocomposites will be based according
to their manufacturing method. A good distribution of the nanomaterials in polymers depends on
the preparation of polymer-based nanocomposites, which ultimately can influence the mechanical,
thermal, electrical, water vapor and gas barrier properties of nanocomposites. Other than graphene
or graphene oxide, carbon nanotubes (CNT) have shown great promise in reinforcement of
nanocomposite, but CNTs require chemical modification for good distribution, as they have a
tendency to aggregate [76]. In the case of GO, even though aggregate formation is not regarded as
a major issue, incomplete exfoliation and restacking is commonly observed [77]. Polarity,
molecular weight, hydrophobicity, nature of the reactive groups that have been added to graphene,
or which are present in the polymer, graphene, and solvent; are the main governing factors behind
the mechanism for interaction in polymer-graphene nanocomposites [78]. There are mainly three
pathways for incorporation of graphitic nanofiller into polymer matrices; 1) Solution Intercalation,
i1) Melt Intercalation, and iii) In situ intercalative polymerization. There are also other methods
like wet spinning, electro spinning, freeze-drying, drop casting etc. Examples of different studies
of biopolymer-graphene nanocomposites that have used these methods have been shown in Fig.

3.4

PLA-GNS, PLA-GO, SA-GO,
Solution Intercalation SA-MGO, CMC-SA-GO, HPC-
RGO etc.

PLA-GO, PLA-GNP, PLA-
Melt Intercalation GNS, PLLA-GO, cellulose-GO,
PA-TRG, PBAT-TRG

In-situ Polymerization EASEO) AR ALY RO 0%
MALE SA-PAAM-GO, HPU-GO

Graphene Nanocomposite

Major Fabrication Techniques for Biopolymer-

Fig. 3.4. Three major fabrication techniques for synthesis of biodegradable biopolymer-
graphene nanocomposites and the examples in literature that have used the techniques.
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3.4.1 Solution Intercalation

Solution Intercalation is the most popular fabrication technique out of all other techniques
and involves the “simple stirring or shear mixing of colloidal suspensions of graphene” [32] with
the desired biopolymer, followed by evaporation of solvent, which causes the adsorbed polymer
to reassemble and form a sandwich between polymer and graphene, resulting in formation of
nanocomposites. There have been numerous publications focusing on solution intercalation for
incorporating graphene in different biopolymers like starch, chitosan, PLA, cellulose, alginate,
gelatin, poly (hydroxyalkanoates) etc. In most of these cases, chemical structure of the biopolymer
in the composite films barely changes with the increasing content of graphene, indicating that there
may be moderate chemical reaction but mainly physical interaction, like hydrogen bonding,
between biopolymers and graphene derivatives. Different researches that use solution intercalation
method to incorporate graphene and its derivative into biopolymers for improving their properties

have been discussed briefly in this section.

Starch

Starch based materials have garnered a lot of attention due to its biodegradability, low cost,
abundance, renewability, and therefore it has the most potential to replace synthetic plastic. Starch
based materials have been used in different fields like agriculture, medicine and packaging
industries. However, due to its poor mechanical strength and hydrophilic nature it has been
combined with different forms of graphene like GO, RGO nanomaterials to improve its mechanical,
thermal and electrical properties. Different reaction conditions like dispersibility in solvents,
temperature, and use of plasticizers play a significant role in the performance of graphene
nanofiller in the bio-nanocomposites. There is a correlation between the dispersibility of GO and
RGO, with a combination of polar component dp, Hydrogen Component oy (Hansen Solubility
Parameter, HSP) and polar surface energy y? of the solvent [79]. The larger the HSP of polar
aprotic solvents (Chloroform, Acetone etc.), the higher the dispersibility of graphene based
materials in that solvent. On the other hand, samples with more polar groups on the surface can be
dispersed more stably in polar protic solvents (water, acetic acid) [79]. Since GO has more polar

groups compared to RGO, the order of dispersion stability in solvents like water, is GO> RGO.
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A comparative study of the effects of GO and RGO, on the overall properties of starch has
been conducted [48], where nanocomposites of glycerol plasticized starch (PS), with GO and RGO
fillers were prepared using solution casting methods where water was used as a solvent. The study
showed better overall property improvement for starch-GO nanocomposites, as compared to
starch-RGO nanocomposites. The comparatively larger number of polar groups rendered GO with
better compatibility with PS, which led to better mechanical properties compared with RGO. In
addition to that, the better dispersibility of GO in water, compared to RGO, ensured better
distribution of the nanofiller, throughout the starch matrix. Hence, tensile strength increase for
starch-GO nanocomposite was 66% at 2wt% GO loading and for starch-RGO nanocomposite was
67% for 6 wt% addition of RGO. Water vapor permeability tests showed, improved water vapor
barrier properties for PS-4wt% GO nanocomposite, but noticeable improvement for PS-RGO was
not achieved even at 8wt% RGO loading. Because GO formed better interactions with the PS
matrix than RGO and produced a denser network, which provided hindrance in the path of the
escaping water molecules.

Effect of plasticizer on starch-graphene nanocomposites were studied, where glycerol was
used as a plasticizer for starch, and starch grafted graphene (GN-Starch) was used as a nanofiller,
to prepare PS-graphene nanocomposites [80]. For this study, GO was reduced by hydrazine in the
presence of starch, which resulted in starch grafted graphene (GN-Starch). The purpose of using
starch was to prevent restacking of graphene during reduction. In Fig. 3.5, TEM images of
graphene and GN-Starch shows that, when graphite sheets are oxidized, it becomes flat and
transparent with wrinkled structure, while GN-Starch has a darker appearance due to the presence
of starch. In Fig. 3.6. FTIR spectra of starch shows that, in the fingerprint region, there are three
peaks; 1156 cm™' from C—O bond stretching of the C—-O—H group, and the two peaks at 1080 and
980 cm™!, from C—O bond stretching of the C—-O—C group. These main characteristic peaks are
also visible in in FTIR spectrum of GN-starch components, which indicates that starch components
are present in the GN-starch nanofiller. The Raman spectra of GO and GN-starch are shown in
Fig. 3.6, where for GO, peaks are observed at about 1350 cm™' for the disordered structure (D
mode) and at about 1590 cm™ for the graphite structure (G mode), due to the sp?> domain. For GN-
Starch, the increased intensity at D mode compared G mode, indicates that it has reduced sp?
domains and higher degree of disorder, resulting from the creation of new graphitic domains in the

GN-Starch. Mechanical, WVP and electrical tests proved the efficacy of the nanofiller by
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displaying significant improvement at a loading as low as 0.28-1.7 wt%, as shown in Table 3.1,

3.3 and 3.4.

4 p d
§4800 3.0kV 8 6mm x60.0k SE(U) 500nm 84800 3.0kV 8.5mm x60.0k SE(U) 500nm

(¢) GN (d) GN-starch

Fig. 3.5. TEM images of (a) Graphene (b) GN-Starch; SEM images of (c) Graphene, and (d)
GN-Starch. Reprinted with permission from ref [80]. Copyright 2013, American Chemical
Society.
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Fig. 3.6. (a) FTIR spectra of starch, GO, and GN-starch. (b) Raman spectra of GO and GN-
starch. Reprinted with permission from ref [80]. Copyright 2013, American Chemical Society.

The effect of GO on Glycerol-plasticized pea starch (Pea starch-GO) were studied, with
different loading levels of GO (0, 0.4, 0.8, 1.0, 1.5 and 2.0 wt%) were prepared by solution casting
method, using water as a solvent. Morphology tests of the bio-nanocomposite films showed that,
in the FTIR spectra of pea starch-GO nanocomposite, with increasing concentration of GO, the
characteristic starch FTIR peaks move to a lower wave number, and similarly the characteristic
XRD diffraction peaks of starch, decreased in intensity, indicating hydrogen bonding between
starch and GO. In Fig. 3.7, AFM images show that plasticized pea starch with no GO, has a mean
roughness of R, = 8.068 nm, and root mean square roughness Rq = 10.500 nm, but the roughness
decreases for pea starch-1% GO nanocomposite (R. = 7.330, Ry = 10.082 nm), indicating the good
compatibility between GO and starch [81]. However, after addition of 2wt% GO, blisters and
depressions were visible, indicating aggregations at higher loading. The tensile strength increased
form 4.56 MPa to 13.79 MPa, and the young’s modulus increased from 0.11GPa to 1.05 GPa,

indicating the excellent mechanical reinforcement of starch on addition of only 2wt% GO.
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Fig. 3.7. (a) TEM images of Pea starch-GO nanocomposite; AFM images of (b) pea starch, (c)
pea starch-1 wt% GO nanocomposite (d) pea starch-2wt% GO nanocomposites. Reprinted with
permission from ref [81]. Copyright 2011, Elsevier.

Following the study on pea starch-GO, a study comparing starch-GNS and chitosan-GNS
nanocomposites were conducted [82]. The SEM images showed that both pristine chitosan and
starch displayed a smooth surface, with chitosan having a smoother surface than starch, but the
nanocomposite with 3% graphene loading showed significant roughness, phase separation, with
starch showing higher percentage of agglomeration. Mechanical testing on chitosan-graphene and
starch graphene composites showed that, the tensile strength first started to increase on addition of
graphene, and for chitosan it increased up to 45% on addition of 1.5 wt%, but after that the
graphene platelets started to aggregate, the tensile strength began to drop. With 3 wt% graphene
loading, the WVTR of chitosan dropped from 53.1 to 40.3 g/m*h and for starch it dropped from
47.8 to 39.7 g/m?h. Another study where blend of Chitosan-Starch with Graphene nanofillers,
showed that chitosan-starch blend has a higher tensile strength increase compared to starch and

chitosan individually [82]. This phenomenon could be attributed to a much stronger formation of
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intermolecular hydrogen bonding between NH3 of the chitosan backbone and OH of the starch.
The blend also showed improved water vapor barrier properties, over the previous study[82] , with

a WVTR drop from 44.3 to 38.7 g/m?h, at only 2.5 wt% graphene addition.

Chitosan

Among different biodegradable polymer materials, chitosan has received significant
consideration as a result of its remarkable properties, for example, biocompatibility,
biodegradability, antibacterial properties etc. Biosensor, biological engineering, controlled drug
release, packaging, pervaporation etc. are some of the field where the application of chitosan has
been investigated. Nonetheless, its usage has been limited due to its poor mechanical properties.
Solution casting of graphene had positive effects on the mechanical, thermal, water vapor barrier
as well as electrical properties, as evident from the different studies that have been conducted on
chitosan-graphene nanocomposites.

Chitosan-RGO nanocomposites [83] were fabricated by dissolving chitosan in an aqueous
solution of acetic acid, then addition of 1-7% modified RGO, followed by sonication for 30 min.
The XRD pattern of the composite is similar to that of chitosan, hence, it was assumed that,
chitosan peaks at 20 =21.3°, overlapped the weak peaks of aggregated RGO sheets, indicating
RGO did not affect the crystalline structure of chitosan. Young’s modulus and tensile strength of
CS-6 wt% RGO composite film were measured to be 2.7 and 2.3 times greater than those of
chitosan, and exhibited an increase in elongation at break from 1% to 6%. RGO formed a network
with conductive properties, across the insulating polymer matrix, caused the conductivity of the
composite film to increase in 5 orders of magnitude and the CS-6 wt% RGO composite film
exhibited the maximum conductivity of 1.28 S/m, mainly due to its high RGO content and uniform
layered structures. However, RGO fillers aggregated at higher weight content (7 wt%), which
partly destroyed the electron transport network, leading to the decrease of conductivity. In another
study, the high specific surface area and excellent conductivity of RGO, had been combined with
the dispersion and film-forming abilities of chitosan, to form a chitosan-graphene film modified
Glassy Carbon Electrode (GCE), for the development of a simplified reliable analytical method
for the determination of 4-Aminophenol (4-AP) [84]. Graphene enhanced the redox peak currents
of 4-AP, lowered the oxidation over potential and decreased the peak-to-peak separation of redox

peaks, proving its great potential application of 4-AP detection. In addition to, electrical
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conductivity, RGO also has been used to improve the adsorption abilities of chitosan [85]. Large
specific surface area CS-RGO mesoporous nanocomposites have been fabricated, for bio-
adsorption and removal of anionic azo dye Reactive Black 5 (RBS5), where the nanocomposite
achieved a removal efficiency of to 97.5%, at initial RB5 concentrations of 1 mg/L, which means,
that the solution can be decolorized to nearly colorless using the nanocomposite. This indicated
that RGO had significantly improved the dye adsorption properties of chitosan.

Other than RGO, strong interactions between GO and Chitosan (CS) have also been reported
[86], where CS-GO nanocomposites were synthesized via solution casting, with adding GO in 6,
12, 18 wt% into chitosan in acetic acid solvent and mixed via magnetic stirring for an hour. The
FTIR spectrum of the CS-GO nanocomposite displayed amine stretch from the chitosan and the
OH groups from the GO, indicating that the nanocomposite has characteristics similar to both
pristine chitosan and GO. The peak representing COOH groups and the C=C groups from GO,
shifts to a lower wave number due to hydrogen bonding between the GO and hexatomic ring of
the chitosan. The XRD patterns of the films with different content of GO, showed that diffraction
angles of the composite films were similar to the pure CS, and the diffraction peaks corresponding
to GO were absent even at the highest graphene concentration, indicating their complete
exfoliation. Chitosan displayed a prominent diffraction intensity as compared to CS-GO, which
indicated that degree of crystallinity of chitosan decrease after adding GO. Strong hydrogen
bonding and uniform distribution of GO can be attributed to the increase in tensile strength on the
content of graphene oxide. The elongations at break of the composite films decreases compared
with the pure chitosan film. Tensile strength of wet state CS-GO film, compared to pristine wet
state CS and pristine dry state CS, is 1.7 times and 3 times greater respectively. On the other hand,
a study on chitosan GO nanofillers with acetic acid solvent and 24 hr stirring reported 2.23 times
increase in tensile strength at only 1 wt% addition of GO [87]. This improvement over the previous
study could be attributed to the prolonged mixing time that allowed better dispersion of the filler.
This study reported, hydrogen bonding and electrostatic interaction were supported by the FTIR
spectra of CS-GO nanocomposites that showed complete disappearance of the characteristic peak
for GO at 1730 cm’!, attributed to C=O stretch, and characteristic peak for CS at 1596 cm’!
attributed to NH» absorbance. In Fig. 3.8, XRD peaks of pristine chitosan and CS-GO showed that

adding GO contributes to a relatively ordered arrangement of the attached CS chains, resulting in
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first two prominent crystalline peaks at 20 =

18.2 and 23°, as compared to the more
amorphous peaks of pristine CS. These findings
are very different than the previous study,
which reports addition of GO reduced the
crystallinity of CS [86]. This once again can be
attributed to the prolonged mixing time. The
XPS spectra in Fig. 3.9 shows the N1s spectra
of CS and CS-GO nanocomposite. The peak at
401.7eV, which is representative of binding
energy for protonated amine, increases in
intensity from 7% for pristine CS, to 13% for
CS-1% GO. which supports the electrostatic
interaction between the negative charge on the
surface of GO and N groups of CS[44].

CS nanocomposites with small area GO
and RGO, as well as, large area GO and RGO
with filler amounts 0.3%—-0.9 wt% have also
been studied for the purpose of understanding
the effect of surface area of GO on property
improvements of CS [88]. Field emission
(FESEM)
showed that, the GO prepared from graphite

scanning electron microscopy
powder (average lateral sizel00 um) and using
Hummers method, had a small area of less than
50 pm?. On the other hand, GO prepared from
graphite flakes (average lateral size 400 pm)
and using simplified Hummers method, had a
large area of about 7000 um?. After reduction

by sodium hydroxide, drop casting technique

was used to produce thin films of small area
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Fig. 3.8. XRD patterns of CS and CS-GO
nanocomposite. Reprinted with permission
from ref [86]. Copyright 2010, American
Chemical Society.
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CS-RGO and large area CS-RGO nanocomposite. XRD studies showed that, small area GO and
large area GO have diffraction peaks at 10.3° and 9.1°, corresponding to an increased interlayer
distance compared to graphite flake and powders. Table 3.1 and 3.2 shows, the large area GO and
RGO composites showed better, glass transition temperature (Tg) and mechanical strength
compared to the small area GO and RGO nanocomposites, indicating that increased surface area
aided better interaction between biopolymer and resulted in better improvement. CS-small area
GO composites had better thermal and tensile properties than CS-small area RGO, which is similar

to the findings on starch-GO and starch-RGO study as before [48].

Table 3.1. Effect of Graphene on the mechanical properties of Different Biopolymers

Matrix | Graphene ) Young’s Tensile Strength Ref.
Preparation | nodulus (%) (%)

Pea Starch | 2 wt% GO SC 1854 1202 [81]
PS 2 wt% GO SC — 192 [48]
PS 6 wt% RGO SC — 154 [48]
CS 6 wt% RGO SC 1170 1130 [83]
CS 1 wt% GO SC 151 193 [56]
CS 1 wt% GO SC 164 1122 [87]
CS-Tap-S 3 wt% GNS SC — 137.5 [89]
CS-OST 2 wt% GO SC 1367.9 142.9 [90]
Cellulose 0.75 wt% GO SC 131 119 [91]
Cellulose 0.27 vol% GO SC — 120 [92]
RC 3wt%GNP SC 156 134 [93]
RC 1.6 wt% GNP SC 1111 166 [94]
RC 1.6 vol% GONS SC 168 167 [39]
BC 5 wt% GO SC 110 120 [95]
CMC 1 wt% GO SC 1148 £ 5 167+6 [40]
CEA .25 wt% RGO SC — 131.8 [51]
PLA 0.3wt%GO SC 1115 195 (YS) [54]
SA 6 wt% GO SC 1391.8 159 [96]
SA 1 wt% GO SC 119.6 144 [41]
SA 1 WT% MGO SC 137.8 168.4 [41]
CC 2 wt% GO SC 1280 1180 [97]
SA-CMC 1 wt% GO SC 11128 140 [42]
PLA 0.4wt%GNP SC 1156 1129 (YS) [54]
PLLA 0.5 wt% GO-g-PLA | MP+ SC — 1105.7 [98]
PLA 0.2wt%LGNS SC 118 126 [57]
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Table 3.1 continued

Matrix %Graphene Preparation | Young’s Modulus | Tensile Strength | Ref.
(%) (%)

PPC 0.1wt%GO SC 11800 11000 [99]
PHO 2.5 wt% TRG SC 1590 19 [100]
PHD 2.5 wt% TRG SC 1200 116 [100]
PHOe 2.5 wt% TRG SC 1280 12 [100]
PLA 1wt%PFG AP+MB 122 18.6 [101]
PLA 2wt%EG MB 133 approx. 110 approx. [58]
PLA 4 wt% EG MB 155.5 118 [102]
PLA 0.3 wt% RGO MB — 134 [103]
PLA-EPO 0.3 wt% RGO MB — 132 [103]
PLA-PEG 0.3 wt% RGO MB — 143 [103]
PLA 0.3 wt% GNP MB — 11.7 [103]
PLA-EPO 0.3 wt% xGNP MB — 134 [103]
PLA-PEG 0.3 wt% xGNP MB — 149 [103]
PLA-PEG 0.3 wt% xGNP MB 169.5 132.7 [104]
PBAT Swt%GO MB 141.02 — [105]
PA Swt%GO MB 126.9 — [105]
HPU 0.4wt% GO 1P — 125 [53]
PU 0.8wt%GO 1P 180 151 [106]
BC 0.48wt% GO 1B 1120 138 [50]
PLGA 2wt%GO ES 1205 — [46]
RC 0.2 wt% GO WS 125 150 [49]
SA 4 wt% GO WS 1126 195 [52]
AP= Admicellar Polymerization; BC = Bacterial Cellulose; C= Cellulose; CC = Cellulose Carbamate; CEA =
Cellulose Acetate; CMC = Carboxy Methyl Cellulose; CS = Chitosan; EG = Exfoliated Graphite; EPO =
Epoxide; ES = Electrospinning; GNP = Graphene nanoplatelet; GNS = Graphene nanosheet; GO = Graphene
Oxide; GO-g-PLA = GO grafted PLA, PLLA = Poly-L-Lactic Acid= ;HPU = Bio-based Hyper-branched
Polyurethane; IB = In situ Biosynthesis; IP = In situ Polymerization; LGNS = Lyophilized Graphene nanosheet;
MB = Melt Blending; MP = Melt Polycondensation; OST = Oxidized starch; PA = Poly Amide; PBAT =
Poly(butylene-adipate-coterephthalate); PEG = Poly ethylene Glycol; PFG = PMMA Functionalized
Graphene; PHO = poly (hrydroxyoctanoate); PHD = poly (hydroxydecanoate); PHOe = poly
(hydroxyoctenoate); PLA = Poly (lactic acid); PLGA = Poly (D, L-lactic-co-glycolic acid); PLLA = Poly-L-
Lactic Acid; PMMA = poly (methyl methacrylate) PPC = Polypropylene Carbonate; PS = Plasticized starch;
PU = Bio-Based Polyurethane; RC = Regenerated Cellulose; RGO = Reduced Graphene Oxide; SA = Sodium
Alginate; SC= Solution Casting Tap-S= Tapioca starch; TT = Thermal Treatment; VGNS= Vacuum Filtered
Graphene nanosheet; WS = Wet Spinning, YS = Yield Strength

Cellulose

Cellulose is a well-known industrial biopolymer with a wide variety of application like
bioadsorption, detergent, paper, packaging etc. In order to overcome its main disadvantage of poor

mechanical property and thermal stability, it has been combined with different graphene
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nanofillers. Cellulose has a similar structure to starch which has repeating glucose units. However,
in cellulose the glucose units are roughly parallel and point slightly up, which is known as beta
linkage. This slight difference in structure ultimately results in starch being soluble, but cellulose
being insoluble in water. Therefore different solvents have been used for solution casting of,
cellulose and cellulose derivatives with graphene, such as, N-methylmorpholine-N-oxide (NMMO),
1-ethyl-3-methylimidazolium acetate (EMIMAc) monohydrate, N,N-dimethylacetamide-lithium
chloride (DMAC-LiCl) etc.

For solution blending of Cellulose-GO nanocomposite, NMMO [91] had hydrogen bonding
capabilities among matrix (cellulose) and filler (GO), so it proved to be a good model system for
dispersing and exfoliating the GO in the composite, as well as, an excellent ecofriendly solvent for
cellulose. Cellulose-GO nanocomposite were prepared, with GO loadings of 0.2, 0.5, 1, 3, S5wt% and
ultra-sonication of 6h at high temperature of 95°C. Improved thermal and electrical properties were
observed as shown in Table 3.2 and 3.3. Annealing the composite film at a 230° C caused removal
of the oxygen-containing groups of the GO, resulting in improved electrical conductivity, from
1x10* S/m to 1x102S/m. Interactions between GO and cellulose through hydrogen bonding,
resulted in a step-wise increase in viscosity, and an improved Young’s modulus from 73.1 to 97.8
MPa with addition of 0.75 wt % GO. Another efficient as a dispersing agent of GO in cellulose,
was LiOH-Urea [92], as tensile strength increased up to 20% at addition of only 0.27 vol%,
increased the elongation at break by 335%. For this study, freeze-dried sponge like GO and
cellulose, were dispersed in to aqueous LiOH-urea (7wt%-12wt%) solution followed by, freezing
and thawing and casting on glass plate [92]. Based on the nearly identical images of cellulose-GO
and pristine cellulose found in Raman and XRD results, the study concluded that, there were no
chemical interactions between cellulose and GO nanosheets, only physical interactions took place.

Following the research on Cellulose-GO nanocomposite, Regenerated Cellulose (RC)-RGO
nanocomposites were investigated [39]. When natural cellulose is solubilized and regenerated,
typically forming either a fiber (via electrospinning) or a film (via solution casting), the resultant
material is called Regenerated cellulose (RC). For RC-RGO nanocomposite, aqueous NaOH-Urea
served as a solvent, dispersing GO uniformly throughout the matrix, supported by TEM images of
RC-1.64 vol% GONS nanocomposite (RC 1.64), which showed complete exfoliation into
individual nanosheets and homogeneous dispersion. Two-dimensional wide-angle X-ray

diffraction (2D-WAXD) shows the characteristic diffraction ring of GONSs is absent in the
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cellulose nanocomposite, signifying disappearance of the regular and periodic structure of graphite
oxide. On addition of up to 1.64 vol% GONS, increase in mechanical strength is evident from 67%
increase in the tensile strength and 68% in Young's modulus, relative to the pristine RC, as shown
in Fig. 3.10. The authors used the well-known Halpin-Tsai model [107], which is a simulation
model for predicting modulus of randomly or unidirectionally distributed nanofiller, and their
studies found that the GONSs were more parallel aligned to the film surface, which the authors
concluded was due to the gravitational forces and hot pressing during fabrication. Table 3.3 shows,

three times decrease in Oz permeability coefficient, as the result of improved barrier properties.
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Fig. 3.10. (a) Typical stress—strain curves of RC and the cellulose nanocomposite films with
different GONS loadings (b) Young's modulus of the samples as determined experimentally and
the theoretical values obtained by Halpin—Tsai models based on the hypothesis that GONSs are

randomly or unidirectionally distributed in the cellulose matrix. Reprinted with the permission
from ref [39]. Copyright 2014, Royal Society of Chemistry.

For fabrication of RC-GNP nanocomposites, two different types of solvents have been
reported which are, EMIMACc [93] and DMAC-LiCl [94]. The study involving EMIMAC solvent
involved dissolving of cellulose and GNP at 80°C, and sonication for 90min, and finally solution
casting. SEM and XRD showed homogenous dispersion, so the ionic liquid was an effective
dispersing agent for the GNPs. Increase in hydrophobicity with the presence of GNPs was
observed using contact angle measurements. FTIR studies showed no significant shifts or changes
in the peaks, indicating the incorporation of graphene did not result in any change in the chemical
structures of RC. The 3% GNP added to cellulose showed an increase in the tensile strength by
34%. The temperature for 20% weight loss (T20%) of RC improved about 20°C from 294.95°C to
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314°C with 5 wt% GNPs content. Gas barrier property of the nanocomposites were also improved,
evidenced by lower O2 and CO> permeability. The improvement of thermal properties and gas
barrier properties of cellulose-graphene nanocomposites have been shown in Table 3.2 and 3.3.
The strong interaction between cellulose and GNP, resulted in an impermeable GNP network and
lower water affinity of GNP. However, later DMAC-LiCl proved to be a better solvent for
efficiently dispersing GNP in RC matrix, as tensile strength improved 67% at 1.6 wt% and 50%
thermal decomposition temperature increased 18°C, at only 0.2 wt% addition of GNP.

Other notable cellulosic derivatives are Hydroxypropyl Cellulose (HPC) and Bacterial
cellulose (BC). Hydroxypropyl Cellulose (HPC)-RGO [108] nanocomposites were fabricated by
solution mixing at 80°C, followed by dropwise addition of reducing agent hydrazine. Finally,
compression molding was applied to obtain the HPC-RGO composite films. Any temperature
below 80°C is considered the lower critical solution temperature (LCST) of HPC. Metastable
nanospheres of HPC are observed above the LCST, which can clamp GO sheets and finely disperse
them, avoiding the possibility of aggregation [108]. The results showed that, nanocomposites
prepared by LCST method, compared to conventional solution casting method had improved
electrical properties. The electrical conductivity of HPC-graphene composites improved by 2—3
orders of magnitude and percolation threshold value reduced as low as 0.11 vol%. The RGO
surface can enhance the electron transfer (ET) rate, which is the fundamental process in
electrochemical reactions between enzymes and electrodes, thus, graphene-modified electrodes
can be used as electrochemical sensors. Bacterial Cellulose (BC)-GO nanocomposites were
prepared [95], by mixing aqueous suspensions of GO and BC, using DI water as the solvent
followed by in situ reduction of GO. AFM and TEM measurements indicated the complete
exfoliation of GO. Also, the more compact morphology observed with SEM, the prominent change
in the C=0 peak and the relative intensity change of the C—O stretching vibration peak for FTIR,
as well as the weakened peaks in the XRD spectra of BC on different loadings of GO, all indicate
good dispersion of GO in the BC matrix. The addition of 5 wt% GO increased Young’s modulus
and tensile strength by 10% and 20% respectively relative to pristine BC. The composite film with
1 wt% RGO exhibited, a major increase in electrical conductivity by 6 orders of magnitude relative
to pristine BC.

A cellulose derivative that has higher solubility than cellulose alone is Carboxymethyl

Cellulose (CMC), which is a methylated cellulose derivative. CMC-RGO nanocomposites were
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also prepared for sensor applications, where solutions of CMC and GO (50:50 weight) were mixed
and reduced with NaBHs to manufacture a modified electrode for hemoglobin
immobilization [109]. CMC has an amphiphilic characteristic, which made it possible to expose
the electrical activity center of protein to the solution and the presence of RGO enhanced the
electron transfer. RGO-CMC film combines the electron transfer acceleration capabilities of
graphene and the biocompatibility offered by CMC. In another study, CMC-GO nanocomposite
films with improved properties were investigated [40]. In the case of BC-GO [95] and CMC-GO
nanocomposites [40], DI water was not very effective at the intercalation of GO in the matrix, as
the tensile strength only increased 22% on addition of Swt% GO. In contrast, for a derivative of
cellulose, Cellulose Carbamate (CC), ultrapure water, functioned as an excellent solvent for CC
and GO as, at only an addition of 0.25% addition of GO, the tensile strength increased to 182%
[97]. Moreover, the use of Magnetic cellulose (MC)-GO (MCGO) nanocomposite as adsorbent for
dye wastewater disposal were explored [110], where cellulose was mixed and dispersed with
Fe;04 nanoparticles and GO, by ultrasonication and cross-linking. MCGO nanocomposite was
very stable and can easily be recycled and the adsorption efficiency of MCGO was still over 89%

after recycling for five times.

Table 3.2. The effects of Graphene on the Thermal Properties of different Biopolymers

Matrix-Graphene Preparation Thermal Property Ref.

PLLA-TRG IP Tm (N11°C at 2wt% TGA [38]
T, (1) 9°C at 0.01 wt% DSC

PAAmM-CMC-GO IP Tso% (1) 15°C at 1.6wt% [111]

PLLA-GO SC to.s 4 58% for 2wt% GO at 123°C Te. [59]

PLA- LGNS; PLA- SC Tsv (1)10°C at 0.2wt% for LGNS [57]

VGNS

PHBV-GNS SC Tm (1)11°C at 6Wt% [112]
Te (1) 2°C at 4wt%

PLA-RGO; PLA-GNP SC Te (1) 5°C at 0.4 wt% RGO [54]
To (1) 7°C at 0.4 wt% GNP

Cellulose-GO SC Tso% (1)20°C at 0.25wt% [91]

RC-GNP SC Ta0% (1)20°C at 0.25wt% [93]

RC-Graphene SC Tio% (1) 20°C at 0.4wt% [94]

CMC-GO SC Timax (1) 10°C at 2wt% [40]

CEA-RGO SC Tmax (1) 2°C at 1wt% [51]
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Table 3.2 continued

Matrix-Graphene Preparation Thermal Property Ref.

SA-GO SC Ts% (1) 30°C at 6Wt% [96]

SA-GO; SA-MGO SC Tend (1) 12°C at 1wt% GO [41]
Tend ( 1)12°C at 1wt% MGO

Pea Starch-GO SC Tonset (1) 10.2°C at 2wt% [81]
Tend (1) 7.4°C at 2wt%

PPC-GO SC T, (1) 10.5°C [99]

PLA-EG MB Tso (1) 12°C at 12 wt% [102]
Tsov (1) 11°C at 12wt%

PLA-EG MB Tso% (1) 7°C at 3wt% [113]

PLLA-GO-g-PLLA MP T (1)5°C at 0.5wt% [98]
Ty (1) 7°C at 0.5wt%

PBAT -TRG MB Tm (1) 2°C at 5wt% [105]
Tee (1) 17°C at 5wt%

PA- TRG MB Tm (1) 2°C at 5wt% [105]
Tee (1) 1°C at Swt%

PLA-TRG MB Tm (1) 1°C at 5wt% [105]
Tee (1) 19°C at 5wt%

Jatropha Curcas Oil Tonset (T) 38°C at Swt% [114]

based alkyd-epoxy resin- Tend (1) 51°C at Swt%

EG

PLA- CO304 -f- MB Tonset (1) 14°C at 1wt% [115]

Graphene

PLA-EG; PLA-NG MB NG: No Improvements [58]
EG: Tse, (1)14°C at 3wt%

CAP-EG MB Tso% (1) 29°C at 10wt% [116]

RC-RGO WS Tso% (1)25°C at 0.2wt% [49]

DSC= Differential Scanning Calorimetry, PHBV= biodegradable poly (3-hydroxybutyrate-

co-4-hydroxybutyrate), TGA= Thermogravimetric Analysis, Tm= Melting Temperature,

Tonset= Onset Temperature for Thermal Decomposition, Tmax= Maximum Decomposition

Temperature, Tena= End Temperature for Thermal Decomposition, Tg= Glass Transition

Temperature, Tce= Crystallization Temperature, Tso= 50% decomposition Temperature,

CO304 -f-Graphene = Tricobalt tetroxide-functionalized graphene

Alginate

For solution casting of Alginate-graphene biopolymer nanocomposites, the primary solvents
used were double distilled water and tetraethylenepentamine (TEP). [96] Sodium alginate (SA)-
GO nanocomposite films were prepared by, preparing GO aqueous suspension using double

distilled (DD) water as solvent and then solution mixing at 0 to 6% GO contents. In the FTIR study
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of SA and SA-GO, dominant peaks of pristine SA, corresponding to -OH stretching, -COO
stretching and of -C-O-C- stretching vibration were visible. The FTIR of SA-GO nanocomposite
new peaks are visible, in addition, existing peaks move to a smaller wavelength, indicating strong
electrostatic interaction and hydrogen bonds between SA and GO. The XRD images did not show
any significant peak changes, which means the SA structure was not significantly affected by GO,
so only physical interaction was present. Because of the bonding between SA and GO, thermal
and mechanical stability of SA increased, evident from the 59% tensile strength increase at 6%
GO. The TG analysis of SA-GO composite films shows higher initial decomposition temperature
around 100 °C and temperature for 3% weight loss (T3%) increased by about 30 °C with addition
of 6 wt% GO.

To understand the effect of solvents other than DD water, sodium alginate were studied as
(SA)-GO and SA-Modified GO (MGO— surface functionalized with active N sites)
nanocomposite films, with tetracthylenepentamine (TEP) as the solvent [41]. For solution casting
of SA with GO, tetraecthylenepentamine (TEP) was an excellent dispersing agent, compared to DD
water [96]. This is evident from the results, when TEP used as a solvent, it promotes the efficient
blending of GO in the SA matrix, enabling better interaction of SA and GO, which increases the
tensile strength of SA 44% with only 1wt% GO, and 68% with only 1wt% MGO. This could be
due to the fact that TEP has a higher polar surface area 88A°%, which had a much higher
compatibility with polar GO, as compared to water which has a polar surface area of 25A°% [117].
In addition, FTIR and XRD results of the SA-MGO nanocomposites confirmed interactions
between active N sites on MGO and -COO groups of SA, which could have attributed to the
positive improvement in mechanical property. The two nanocomposites showed a 5°C increase in
thermal degradation temperature at 1.5 wt% addition, but at 2 wt% addition, aggregation occurred,
and thermal degradation temperature started to decrease. Even though water proved to be an
inferior solvent for SA as compared to TEP, the weaker performance of water as a solvent can be
compensated by using blend of SA instead of pristine SA. For SA-CMC blend [42] for example,
only adding deionized (DI) water as a solvent during the solution casting, aided homogenous
dispersion of GO, which helped to increase the tensile strength up to 120% with only the addition
of 1 wt% GO. Here, GO also has acted as a crosslinker to the CMC-SA blend, where it forms
hydrogen bonding with the OH groups of CMC and SA, promoting their miscibility. Contact angle

measurement showed that the hydrophilicity of the films increased with increasing GO content
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and was highest for 4 wt% GO. The presence of a number of hydrophilic functional groups in the
graphene oxide, caused decrease in water contact angle measurement with increasing GO content
with 4% CMC-SA-GO having the lowest contact angle, meaning highest hydrophilic
characteristics. The nearly identical XRD pattern of the GO-CMC-SA nanocomposite and the
CMC-SA blend indicated that GO sheets were efficiently exfoliated.

Poly (lactic Acid)

PLA is considered biodegradable and biocompatible, which has made it possible to be used
in short term packaging, tissue scaffolds, internal sutures, implant devices etc. Different studies
have incorporated graphene nanofiller into the PLA matrix, in order to overcome its shortcomings
like poor mechanical property, low crystallization rate and thermal resistance. In the case of
solution casting of PLA-graphene nanocomposites, a similar trend is observed as the previous
studies where, using the same percentage of nanofiller, with different solvents has yielded
significantly different property enhancement in the nanocomposites. Solvents like N,N-dimethyl-
formamide (DMF), chloroform, acetone were used in dispersing graphene derivative in PLA
matrices. The dispersibility of graphene varies depending on the solvents Hydrogen Component
Su , also known as Hansen Solubility Parameter HSP, and polar surface energy ¥? [79]. The HSP
of DMF, acetone and chloroform are 25 MPa’3, 17.4 MPa%® and 8.8 MPa®’ respectively, so the
order of HSP is DMF> acetone> chloroform. As DMF has the highest HSP, so graphene
derivatives should be most dispersible in DMF, resulting in better performance enhancement like
improved mechanical property and thermal property.

This coincided with the study on PLA- graphene nanosheets (GNS) nanocomposites, where
lyophilized GNS was dispersed in DMF with 2h mixing and sonication [57]. The effectiveness
of dispersion between PLA-lyophilized GNS (LGNS) and PLA-vacuum-filtered GNS nanosheets
(VGNS) were compared, where LGNS showed superior properties in producing organically
dispersible GNS powders, which enhanced PLA’s thermal and mechanical properties. The FESEM
showed that the GNSs displayed flake-like morphology, resulting in a good interaction, whereas,
Tapping-mode AFM images, revealed a lower thickness of LGNSs compared to single layer GO
nanosheets, which was the result of the removal of oxide groups. XRD measurements of pristine
PLA and PLA-GNS showed, similar XRD patterns for the PLA-0.2wt% GNS and pristine PLA,
with no graphite layer structure peak or graphite oxide peak, indicating that the GNS was dispersed
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in single sheets. The tortuous path created by the GNS prevented escape of volatile thermally
decomposed products, as a result, the onset temperature for 5% weight loss of PLA, increased by
10 °C, at only 0.2wt% GNS addition. DMF was also used as a solvent for Poly-L-lactic acid (PLLA),
with GO at 0.5, 1 and 2wt% loading and a similar ultrasonication time of 2h, to prepare PLL A -

G O nanocomposites [45]. The study showed that crystallization temperature of PLLA decreased
at higher loading of GO. Similar to the XRD results of PLA-GNS nanocomposites as shown before
[57], the XRD results showed, identical patterns for pristine PLLA and the PLLA-GO
nanocomposites, indicating that crystal structure of PLLA remains unchanged despite the addition
of GO in the PLLA-GO nanocomposites. However, the shift to lower temperatures in the DSC
crystallization peak temperature of PLLA-GO nanocomposites with increasing GO loading
indicates that the non-isothermal cold crystallization behavior of PLLA has been facilitated by the
influence of GO loading.

Another solvent used for solution intercalation of graphene and PLA, is acetone, which has
a lower dispersibility parameter compared to DMF, but has more environment friendly impact [79].
PLA-GO and PLA-GNP nanocomposite were fabricated using acetone solvent with sonication for
5 h, for the purpose of comparing the biocompatibility, topography, roughness and wettability of
the two composites [47]. XPS results showed that, both graphite and GNP had a low degree of
oxidation, as both are mainly constituted by carbon, but after the oxidation of graphite to GO, the
oxygen percentage increased from 9 to15%. GNP having less group with oxygen compared GO,
proved less compatible with the polymer matrix and more hydrophobic, with 2.3° increase in the
water contact angle of PLA-GNP film compared to pristine PLA films.

In another study, to understand the effect of plasticization, plasticized and unplasticized
PLA-GO and PLA-GNP nanocomposite films [54] were prepared using chloroform solvent. The
plasticized nanocomposite films exhibited 100% higher tensile strength and Young’s modulus than
pristine PLA and for unplasticized nanocomposite films at the same concentration of graphene,
the tensile strength was only 15% higher and Young modulus was 85% higher than control.
Increase in glass transition temperature with increasing filler loading in PLA was observed, and a
maximum at PLA-0.4 wt% GO and PLA-0.4wt%GNP nanocomposite was observed, as shown in
Fig. 3.11. The T, for PLA-GNP is 2°C higher than that for PLA-GO, probably owing to the more

planar geometry of the filler resulting in confined chain segment mobility. In order to prevent
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stacking of GO sheets in situ melt
polycondensation method was used to graft
GO onto the surface of PLA, producing GO 5 — “-=--:_F£Pf
grafted PLA (GO-g-PLA) and this was used as
a nanofiller for poly-L-lactic acid (PLLA)
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solution casting of PLA and graphene are
chloroform [54, 98], acetone [47] and DMF  Fig. 3.11. Representative DSC curves for PLA

. films dried in a vacuum oven. Reprinted with
[45, 57, 59]. Comparing PLA-GNP [54] and  ,ermission from [54]. Copyright 2013, John
PLA-LGNS [57], DMF has been shown to be Wiley and Sons.
the better solvent compared to Chloroform. When DMF is used as a efficient dispersion occurs
and it takes only 0.2 wt% nanofiller to increase the tensile strength by 26%, but when Chloroform
is used, it takes twice the amount of nanofiller to increase the tensile strength by 20%. However,

considering environmental impact of the biopolymer nanocomposite, chloroform is a better option,

as DMF has been linked to serious toxic effects.

Poly (hydroxyalkanoate)

Another class of biodegradable and renewable biopolymers with elastomeric qualities are the
medium-chain-length poly (hydroxyalkanoate)s (PHAmc). Three different types of PHAme
polymers; poly (hrydroxyoctanoate) (PHO), poly (hydroxydecanoate), PHD and poly
(hydroxyoctenoate) (PHOe) were functionalized with thermally reduced graphene (TRG)
nanoparticles, using solution casting technique with chloroform solvent and characterized, for the
purpose of producing biodegradable packaging sensors and charge dissipating applications [100,
118]. Length of chain packing, ability of non-covalent interaction with TRG and covalent
crosslinking greatly affected the matrices under study. The results showed that the addition of up
to 2.5 vol % TRG to PHA . increases the Young’s modulus of PHO by 590%, PHD by 200% and
PHOe by 280%. Due to the presence of long aliphatic extension from the polyester backbone in
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the PHAme polymers, it caused some steric hindrance and reduced the intensity of hydrogen
bonding between, the PHAm« and TRG. Hence the shorter chain PHA e polymer, PHO has the
least hindrance to hydrogen bonding and therefore the highest modulus enhancement. TEM
images of the PHAmc shows best dispersion is observed in PHO, while the worst dispersion is seen
in PHOe. On the other hand, the SEM images show that for PHO at only 0.5% loading of TRG
result in entanglement, while entanglement in PHOe composite does not occur until 2.5% loading
of TRG. The melting temperature increased by 1-3 °C, and the electrical conductivity increased
over 7 orders of magnitude. On the other hand, rheology data indicated that percolation of a
pseudo-solid network based on graphene-polymer entanglements occurred at a distinctly lower
graphene loading close to zero vol%. In another study, iron nanoparticle embedded Fe;04-RGO
grafted Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (FesOs/RGO-g-PHBV) using solution
casting method had been investigated [119], which displayed excellent improvement of
mechanical strength, magnetic properties over control, as well as, its proliferation into micro-
porous 3D scaffold, indicated the biocompatibility of the Fe;04/RGO-g-PHBV nanocomposite

based supporting biomaterials.

Other Biopolymers

Panzavolta et al. [120] also utilized solution casting, to obtain nanocomposites of type ‘A’
gelatin from pig skin and GO amounts (0.5, 1, 1.5, 2 wt%). The different GO were added to
aqueous gelatin solution in acetic acid- double distilled water 60-40 (v-v) at 50°C. Addiiton of 1%
GO efficiently improved the Young’s modulus upto 50%. Stainer et al. [43] and Zhan et al. [121]
used solution casting for incorporation of exfoliated graphite into biodegradable natural rubber
[122]. Also Hyper branched polyurethane (HPU)-GO nanocomposite, using solution intercalation
has also been explored by Thakur and Karak [53].

In summary, solution intercalation is a simple, yet highly efficient graphene-biopolymer
nanocomposite fabrication technique, as it involves simplified and effective dispersion of graphite
in polymer matrix. Due to its simplicity and lack of need for heavy equipment is the main reason
for its frequent use in fabrication of many different biopolymer-graphene nanocomposites. It also
enables the synthesis of intercalated nanocomposites based on polymers with low polarity, by

preparing a homogenous dispersion of the filler. However, the removal of solvents sometimes adds
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a disadvantage, as it can occasionally be costly and time consuming. Therefore, this technique is

not applicable for large-scale industrial productions.

Table 3.3. The Effects of graphene on gas and vapor barrier properties of different biopolymers

Matrix- Graphene Permeability Ref
Derivative
1. RC-GNP Pco, | 35% at 3wt% [93]
Po, 1 27% at 3wt%
2. RC- GONS* Po2 L 98% at 1.64vol% [39]
3. PLA-GNP; PLA -GO Po, 1 67.3% at 0.4wt% for GO [54]

Po, 1 68.1% at 0.4wt% for GNP
Py, 1 75.4% at 0.2wt% for GO
Py, 1 78.5% at 0.6wt% for GNP

4. PS-GO, PS-RGO WVP | 43.7% at 4wt% GO [48]
WVP | 34.9% at 8wt% RGO
5. Pea Starch-GO WVP | 39.4% at 1.5wt% GO at 98% RH [81]

*GONS= Graphene Oxide Nano-sheets

3.4.2 Melt Intercalation

The method of mixing and shearing of graphene into the molten state of polymer, to produce
graphene-biopolymer nanocomposites, is called melt intercalation. During melt intercalation,
chemical functionalization with oxygen causes some defects in the matrix; restricting electron flow
and reducing the electric conductivity. So, melt intercalated nanocomposites find application in
electrical energy storage devices. Nevertheless, graphene functionalized with oxygen groups is
widely used in polymer research, and is preferred for melt intercalation [123]. In the literature,
melt blending has been used for incorporating different forms of graphene with biopolymers like
PLA, cellulose, bio-polyamide (PA), Poly (butylene adipate-co-terephthalate) (PBAT) etc. The
different reaction conditions, like rotor speed, reaction temperature, residence time, post extrusion
processing conditions have been varied, to study the effect on the end product. Increased rotor

speed demonstrated better mechanical and thermal property improvement, but addition of
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plasticizer was able to compensate for reduced speed. The morphological characterization and

resultant property change have been discussed briefly in this section.

Thermal and mechanical properties of
PLA-Exfoliated Graphite (EG) and PLA-
Natural Graphite (NG), produced through twin
screw extrusion was studied [58]. The
nanocomposites were fabricated using 180 rpm
screw speed, at 200°C temperature and 0.1%,
0.5%. 1%, 3%, 5% and 7% EG and NG were
incorporated in the PLA-graphite
nanocomposite. SEM images confirmed the
homogeneous dispersion of EG in the PLA-EG
nanocomposite and aggregate formation of NG
in the PLA-NG nanocomposite. The XRD
patterns of NG shows a sharp diffraction peak
at 20 = 26.5°and EG shows a very weak and
broad diffraction at 26 = 25.0°. On the other
hand, in Fig. 3.12, for PLA-EG
nanocomposites, peaks of EG at 20 = 25.0°
were not visible, even at a percentage as high
as 7%, but for PLA-NG nanocomposites, a
clear diffraction peak at 20 = 26.5°, was
detected at a very small NG loading of 0.5%.
This indicated EG is homogenously dispersed

in the PLA matrix and NG indicating
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Fig. 3.12. XRD Images of (a) PLA-EG and (b)
PLA-NG nanocomposites showing various
concentrations of graphite. Reprinted with

permission from ref [58]. Copyright 2010, John

Wiley and Sons.

aggregate crystalline nature in the PLA-NG nanocomposite, which agrees with the SEM images.

The poor dispersion of NG, lead to very low improvement of thermal degradation temperature and

only a slight improvement of mechanical strength in the PLA-NG nanocomposite. On the other

hand since EG dispersed homogeneously in the PLA matrix it successfully increased thermal

decomposition temperature, electrical conductivity and Young’s moduli in the PLA-EG

nanocomposites, as shown in Table 3.1,

3.2 and 3.4. A similar study with PLA-EG
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nanocomposite using melt blending [102] showed, decrease in average molecular weight (Mn) of
PLA can be prevented by increasing the EG loading from 2 to 6 wt%. Purification and pre-
dispersion of EG nanofiller, where a two-step mixing of 3 min premixing at 30 rpm-speed,
followed by 7 min mixing at 70 rpm, helped to avoid excessive increase of the torque during
melting of PLA, and ensured preservation of PLA and enhanced mechanical performance. This
showed even better performance than compared to PLA-EG nanocomposite with one step mixing
in the previous study [58].

Other studies were conducted where different conditions for melt intercalation, as well as
different forms of graphene was applied. The effects of different rotor speeds and time of melt
blending, were studied [113], where pristine PLA at rotor speed of 100 and 150 rpm for 10 min;
and PLA-3% EG for 50, 100, 150 rpm at 10 min were studied. The study showed that increase in
screw speed and residence time, significantly improved EG dispersion and ultimately lead to better
thermal stability. However, when plasticizer is used with PLA, lower rotor speed can result in
reasonable increase in mechanical property as evidenced by the study of PLA- xGnP and PLA-
rGO nanocomposites, plasticized with Polyethylene Glycol (PEG) and epoxy (EPO). The study
used melt blending, with a rotor speed of 50 rpm, at 170 °C for 10 min. RGO showed higher
aspect ratio, better dispersion and interfacial stress transfer, compared to xGnP, proven by higher
tensile strength increase in PLA/RGO, as compared to PLA/XGNP [103]. In another study, effect
of cooling rate on melt intercalated-compression molded PLA graphene nanocomposites were
investigated [124]. PLA-GNP nanocomposite films using two different routes were fabricated,
where the one route for making nanocomposite included melt compounding followed by
compression molding and the second route consists of solution casting (SC) GNP filler into the
PLA matrix. The higher crystallinity and broader glass transition region for solution cast films
compared to the other two types of films indicate that the chloroform solvent, which was used in
solution casting, acts as a plasticizer. Micro-porosity and dispersion-distribution of GNP coupled
with the excluded volume effect, contributed in the higher percolation threshold of SC films
compared to slow cooled films. Conductive PLA with PMMA -functionalized graphene (PFG) was
prepared using, admicellar polymerization was used to functionalize GO with PMMA, and the
resultant PFG, improved the interfacial adhesion between PLA and PFG [101] . Similarly,
Tricobalt tetroxide was adsorbed on graphene via in situ reduction process, which was then used

to melt processing with PLA, to successfully reduce fire hazards of aliphatic polyesters. [115]. The
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findings in these researches of PLA-graphene nanocomposite have been have been summarized in
Table 3.1, 3.2, 3.3 and 3.4.

Other polymers that have been used to make nanocomposite with graphene, using the process
of melt blending include poly-L-lactide (PLA), bio-polyamide (PA), (butylene adipate-co-
terephthalate) (PBAT). 1-5% amounts of TRG was added to PBAT, PA and PLA [105], to study
their improvement in properties. FTIR and Nuclear Magnetic Resonance (NMR) spectra
confirmed that, PLA and PBAT did not go through any structural change but the free amide bonds
in PA underwent chemical changes in the presence of graphene. In Fig. 3.13, the TEM images of
the nanocomposites with 5% graphene shows that PBAT and PA had uniform dispersion, with
large number of exfoliated single graphene platelet. However, PLA showed large aggregates
present in the matrix. The researchers concluded that in addition to the shear in the extruder, the
varying extent of interaction of biopolymer with graphene resulted in varying amount of filler
distribution. Strong hydrogen bonding and Van der Waals force, between PA and TRG resulted in
8.6 times shear modulus increase in PA at 5% loading compared to 2.2 and 1.8 times in PLA and
PBAT. In addition, there was 1.8 times increase in tensile modulus of PA, compared to 1.4 times

for PLA and 1.1 times for PBAT.

(&) (h) (i)

Fig. 3.13. TEM micrographs of nanocomposites containing; (a), (b) PBAT-5% TRG, (c), (d) PA-
5% TRG and (e), (f) PLA-5% TRG nanocomposites; (g)—(i) shows the SEM micrographs of
fracture surface of 5% filler nanocomposites of PBAT, PA and PLA respectively. Reprinted with
permission from ref [105]. Copyright 2014, Elsevier.
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Table 3.4. The effects of graphene on the electrical properties of different biopolymers

Biopolymer- Electrical Property Ref
Graphene
PLA-EG Resistivity I 100% at 3wt% [58]
PLLA- TRG Conductivity T 1.63x102 S/m from 7.16 x107'* S/m at | [38]
2wt%
PP-GO Conductivity T 1.10 wt% 9.25%10? t0 9.33x10* S/m [125]
PS-RGO Conductivity T 500% at 2wt% [48]
HPC-RGO Percolation threshold I 0.11vol% [108]
BC -RGO Conductivity T 1.1 x 107* S/m from 1.1 x 1072 S/m at | [95]
Iwt%
Cellulose-GO Conductivity T 1x10* S/m from 1x10° to S/m at 5wt% [91]
RC-Graphene Conductivity T 9.25x10°® S/m at 1wt% [94]
CAP-EG Electrical Volume Resistivity { 10° Qcm from 10'° Qem | [116]

Melt blending has also been used, for the property improvements of Cellulose acetate
propionate (CAP) after reinforcement with expanded graphite nanoplatelets [116]. Thermal
stability of the CAP-EG nanocomposite increased due to graphene forming an interlocking
network with the polymer matrix and preventing oxygen permeation. An electrical conduction path
was created at 5 and 7 wt% EG, which decreased The electrical volume resistivity of CAP-EG
composites were reduced from 10 to 10° Qcm, as shown in Table 3.4. In addition, graphene
improved the dynamic storage modulus of CAP.

The advantage of using melt intercalation process, over solution intercalation is that, it does
not require any noxious solvents and offers large-scale manufacturing, using twin-screw extruder,
two roll mills or internal mixer. However, in melt intercalation, the stacking of pristine graphene
occurs due to the large aspect ratio of graphene sheets and involves Van der Waals forces and
strong interactions between single sheets of graphene, which ultimately leads to inferior

mechanical property compared to in solution intercalation and situ polymerization.
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3.4.3 In Situ Polymerization

In situ polymerization is another notable method for fabrication of graphene-biopolymer
nanocomposites, and this method consists of dispersing the nanofiller in monomer solution,
followed by polymerization of monomers to achieve the nanocomposites. As the monomer reacts
with itself to form the polymer, it binds to the nanoparticles and helps them intercalate and disperse,
resulting in increased interlayer spacing and exfoliation of the layered structure of graphite. So as
a result, a prior exfoliation step is not required for good dispersion of graphene-based filler [9]. In
this process, polymer matrices can undergo covalent bonding with functionalized GO sheets
through various condensation reactions. Nevertheless, this technique can also be applied for non-
covalent bonded composites, for example, Polypropylene (PP)-GO [125], Polyethylene (PE)-
graphite [126] and Polymethyl-methacrylate (PMMA)-GO [127]. Different researches that use in-
situ polymerization to incorporate graphene and its derivative into biopolymers like PLA,
Cellulose, Alginate, hyperbranched polyurethane (HPU), Bio-based thermosetting polyurethane
(PU) etc. for the purpose of improving their properties have been discussed briefly in this section.

In situ ring-opening polymerization of lactide, in the presence of different concentrations of
thermally reduced graphene (TRG), was studied [38]. Poly (I-lactic acid) (PLLA)-thermally
reduced graphene oxide composites were formed using TRG in different concentrations of 0.01,
0.1, 1.0, 1.5 and 2.0 wt% and heating the mixture at 170°C for 4h. TEM images of the
nanocomposite formed suggested that the graphene sheets consist of only a few layers. In XRD,
FTIR and Raman techniques were used to prove successful conversion of lactide into PLLA and
successful reduction of GO into TRG. The maximum thermal decomposition temperature was for
PLLA-1.5% TRG (GLLA-1.5) was increased 16°C. The percolation threshold for PLLA was
between 1-1.5% TRG, which means only addition of 1% TRG, developed conductive behavior in
PLLA. In addition, the electrical conductivity increased 12 orders of magnitude for GLLA-2.00,
which is shown in Table 3.4.

In situ polymerization was applied [111] to reinforce a Polyacrylamide PAAm- Carboxy
Methyl Cellulose (CMC) matrix, by adding GO and CMC to the polymerization mixture of
Acrylamide (AAm), followed by ionic cross-linking with AI**. This is attributed to the stronger
hydrogen-bonding interaction between oxygen-containing groups of GO and polar functional
groups of the PAAm side chains. The XRD pattern for pure GO showed a peak at 20 =10.6°,
disappeared in the XRD image of PAAm-CMC-GO nanocomposites, suggesting uniform
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dispersion without aggregation. FTIR characterization confirmed hydrogen bond formation
between the oxygen-containing groups of the GO sheets and the N—H bond of PAAM, observed
through a decrease in intensity and in some cases disappearance of the characteristic GO peaks in
the FTIR spectra of PAAm-CMC-GO nanocomposites. The compressive strength of the 1.6 wt%
PAAmM-CMC-GO, increased by approximately 260% compared with the 0.4wt% PAAmM-CMC-
GO hydrogel, indicating a significant mechanical strength improvement at a small GO loading.
Another study that used in situ polymerization with PAAm [120] in order to fabricate an excellent
water soluble dye. The study combined the effective bio-adsorption abilities of alginate and GO
[128, 129] by preparing SA-PAAmM-GO nanocomposite hydrogels. The synthesis of the ternary
nanocomposite included adding SA and GO, to the free radical polymerization of acrylamide
(AAm), followed by cross-linking of Ca?". The compressive strength of SA-PAAmM-5% GO
nanocomposite hydrogel increased 270 times, and deformation to rupture increased from 35% to
~70.5%. The tensile strength of PAAm increased from 8.4 MPa to 201.7 MPa for the three
component cross-linked nanocomposite. The bond formation of GO with cationic dyes through the
amino and azo groups, and strong m-n interactions, causes GO nanocomposite hydrogel to exhibit
excellent adsorbent capabilities.

In other studies, in-situ polymerization in bio-based thermosetting polyurethane (PU)-GO
nanocomposites, showed a slight decrease in tensile strength and Young’s Modulus [106].
However, chemical interaction between PU and GO, improved the elongation at break 1.3 times,
toughness 0.8 times and storage modulus increased up to 21% at 0.4 wt% GO loading. Even though
PU-GO nanocomposites did not display increase in tensile strength, a study on castor oil-modified
hyperbranched polyurethane (HPU)-GO nanocomposites [53] reported high toughness (4267 MJ
m ), 128% increase in tensile strength and 115% increased elongation at break. This improvement
over the PU-GO study could be due to the strong hydrogen bonding and polar-polar interaction
present in the HU interface, which offered a more stable interface with lesser number of defects.
The different property changes that has been observed in the biopolymer nanocomposite fabricated
through in-situ polymerization have been summarized in Table 3.1, 3.2, 3.3 and 3.4..

The advantage of this process is that, the good dispersion of graphene-based filler is not
dependent upon prior exfoliation step, but in order to perform the polymerization procedure,
monomer units and large amounts of reagents are required. Hence, this process does not find

application in naturally existing biopolymers.
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3.5 Applications, Future Perspective and Challenges

In situ biosynthesis [50], is also a nanocomposite fabrication method used to prepare
bacterial cellulose -graphene nanocomposites, in a graphene-dispersed culture medium. Besides
this, wet spinning [52, 130, 131], electrospinning [46], freeze drying [132—136] are methods that
have also been applied to produce biopolymer graphene nanocomposites that result in products in
the form of beads, hydrogels, nanofibers etc., used in various applications. A notable application
of nanocomposites prepared from biopolymer-graphene derivatives, are bioadsorbents for heavy
metal ions [135, 137-144] and different types of industrial dye [85, 110, 131, 145-152]. The
nanocomposites have also been used in the biomedical field, for drug removal [130], drug
encapsulation [153, 154], drug delivery [155] scaffolding materials [136, 156—158], post operation
anticancer implants [159], fibers with wound healing capabilities [160], for immobilization of
hemoglobin [109, 161], immobilization of myoglobin [162], bilirubin adsorbent [163] etc. Also
the nanocomposites have been used to make solar cells [164], as well as, in the field of
electrochemistry as glassy carbon electrodes for the detection of 4-Aminophenol [84], Bisphenol
A [165], Dopamine [166], Urea [167], Ascorbic Acid [167], as binder for Li-ion Battery [168] and
so on. In addition to already existing applications, different biopolymer graphene nanocomposites
can be applied in a variety of fields. Smart biodegradable packaging with built in sensor for food
and pharmaceuticals quality control and storage, can be synthesized using different biopolymers,
utilizing different forms of graphene, like reduced graphene or CVD graphene in biopolymer-
graphene sandwich structure. Nanocomposites can also be used as substrate for, antibody-antigen
based Field effect transistor (FET) biosensor, [169, 170] as well as synthetic detecting element
(liposome, aptamer, and peptide) based FET biosensors [171]. In addition, different
nanocomposites can be used as gate dielectrics for different types of biosensor, for enhanced
current modulation throughout the biosensor, for improved detection of different food toxins,
allergen, as well as pathogenic bacteria.

The inherent biodegradability of biopolymers poses a great challenge in the nanocomposites
study as, controlled environment is required to prevent premature degradation. Control of
environment is achieved through control of moisture, nutrients or microorganisms, although in
some environments, such as the tropics, this becomes a more difficult challenge. Another
limitation is the temperature stability of most biopolymers, so handling during high temperature

experimentations also becomes a hindrance [172]. In addition, the weaker performance of
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biopolymers compared to synthetic polymers when graphene is added is also another shortcoming.
The weaker performance of the biopolymer nanocomposites can be attributed to the more random
configuration of the repeating units in biopolymers and the resulting steric hindrance compared to
the more controlled and organized configurations of synthetic polymers. Table 3.5. shows,
comparison of the young’s modulus of biopolymer-graphene nanocomposite with synthetic
polymer-graphene nanocomposites which provides a clear difference between biopolymer and

synthetic polymer- graphene nanocomposites.

Table 3.5. Comparison of highest reported young’s modulus increase of some common
biopolymer-graphene and synthetic polymer-graphene nanocomposites

Biopolymer Synthetic Polymer

Polymer | Graphene YM Ref. Polymer Graphene YM Ref.
(%) (%)

Starch 2 wt% GO 854 [81] PVA 2.5v0l% GO | 128 [173]
CS 6 wt% RGO | 170 [83] SF 0.12 vol% GO | 200 [174]
CC 2 wt% GO 280 [97] PCL 2.4vol% GO | 108 [175]
SA-CMC | 1 wt% GO 1128 [42] NR 1.2vol% TRG | 750 [176]
PLA 0.4wt%GNP | 156 [54] PDMS 2.2vol% TRG | 1100 | [176]
PHO 2.5wt% TRG | 590 [100] | TPU 2.4 vol% GO | 900 [177]
PLGA 2wt%GO 205 [46] SBR 0.8% TRG 390 [176]
NR = Natural Rubber; PCL = poly (g-caprolactone); PDMS = polydimethylsiloxane; PVA =
Poly (vinyl alcohol); SBR = Styrene-butadiene rubber; SF = Silicone foam; TPU = Tetra
polyurethane; YM = Young’s Modulus

3.6 Conclusion

The discovery of graphene as nanofiller has led to the production of low cost, light weight,
and high-reinforcement nanocomposites, leading the way to a wide range of innovative
applications. The presence of carboxyl, amino or hydroxyl groups in the biopolymers lead to a
very efficient interaction with the functional groups on graphene and GO. These materials have
environment-friendly impact in the various novel applications that emerge because the amount of
graphene in the film is usually very small <5%. The property improvement is not only due to the
nanofiller but also, is the consequence of the reaction condition and an optimal graphene

percentage, which is evident from the comparison of the mechanical property enhancement of all
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the biopolymer nanocomposite. Most of the papers used hydrazine for graphene reduction, which
is detrimental for the environment, even though nanocomposites were prepared for bio-based
application, hence the eco-friendly route to reduce graphene also need to be explored. This paper
has attempted to highlight the routes for more bio-based material available for the reduction of
graphene. There has been extensive research on polysaccharides, PLAs and other biopolymers as
discussed above but the field of proteins is yet to be explored. Unlike synthetic polymers [178,
179], the grafting synthesis techniques for incorporating graphene derivatives to biopolymers have
not been extensively explored. This area also needs to be explored as it may produce better
performing nanocomposites compared to the solution blending and melt blending techniques. Also
there has been some report of release of nanomaterials like silver (Ag), Cu, Ag-zeolites,
montmorillonite nanoclay, from its host polymer matrix in some applications [180]. There has not
been enough research on graphene release from its polymer /biopolymer host matrix, so more
research needs to be conducted in this field, to ensure safe and efficient application of graphene
and its derivatives.
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4.1 Abstract

Zein, a prolamine of corn, is a bio-renewable resource that can potentially offer alternatives
for petroleum-based polymers in many applications. Nanocomposite formation with 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 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®.

Keywords: Zein, Laponite®, TEM, FTIR, AFM, Water Vapor Permeability, DSC

4.2 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
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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 sustainability[4, 5].

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 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 candidate for designing environmentally
friendly polymers [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 versatile properties are
useful for various applications in packaging, biomedical, agricultural areas, and add value to an
abundant by-product of ethanol production. Zein has found applications in several industries
including adhesives, coatings, printing, fibers, packaging films and plastics [11, 12].

Zein is an attractive alternative to synthetic polymers 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 improvements in mechanical, thermal, barrier and antimicrobial 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 property
improvement of the matrices is not yet fully understood. In previous studies, where plasticized
zein is reinforced with different nanomaterials [16, 18], proposed mechanisms suggested the
supramolecular interaction between protein and reinforcing nanomaterials could result in physical
crosslinking and reduce local mobility of the protein molecules. This would 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. Laponite®, Nao7[(SisMgs.sLio.3).020(0H)4]"%7, is a synthetic layered silicate nanoclay,
which is hydrophilic and biocompatible [19]. Its well-defined nano-size 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, 30].
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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
addition of Laponite®. To investigate the effects of Laponite® on zein, the changes in the physical
properties and structural characteristics of the zein-Laponite® (Z-L) nanocomposites were
examined by changing the nanofiller concentration. Atomic Force Microscopy (AFM),
Transmission Electron Microscopy (TEM), Water Contact Angle (WCA) measurements and
Fourier 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 for 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.

4.3 Experimental
4.3.1 Materials

70% Ethanol (140 proof (70%), Decon™ Labs), and oleic acid were obtained from Fisher
Scientific, monoglyceride was purchased from Alfa Aeser, Ward Hill, MA, USA, zein (90% crude
protein dry weight basis) from Sigma-Aldrich, Milwaukee, W1, USA, and Laponite® RD Clay was
obtained from Byk Chemicals. Drierites were purchased from W.A. Hammond Drierite Company.

Polydimethylsiloxane (PDMS) kits were purchased from Sylgard, Dow Corning (Midland, MI).

4.3.2 Fabrication of zein —Laponite® nanocomposite films

A solvent casting technique was applied for preparation of the nanocomposite films, as it
ensures optimal dispersion of the nanofillers, 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 Laponite® was dispersed in 25 mL of 70% ethanol / 30% water and heated
up to 60-65°C. Then 5g of zein were 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, 6.25g of oleic
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acid plasticizer and 0.15 g of monoglyceride emulsifier were mixed and heated, until the
monoglyceride 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
zein/plasticizer/emulsifier (1/1/0.15) was maintained constant throughout this study because
previous results showed that this formulation improved overall physical properties [7]. Prior to
solvent casting each mixture was sonicated for at least 5 minutes with the sonicator amplitude set
to 39% of total 500 watts. 10 ml 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 : Z-0L= 0.52 + 0.18mm, Z-1L= 0.75 + 0.05
mm, Z-3L=0.71 £0.11 mm, Z-5L=0.71 £ 0.14mm, Z-10 L= 0.67 £ 0.11 mm.

4.3.3 Characterization of Nanocomposite films
Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was used to examine the structure of the
Laponite® nanoparticles, as well as, 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 gradient. 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 Constant: 37 N/m, Frequency:
300 kHz), with a pyramidal shape and a height of 15 um (App Nano, Inc). The film surfaces were
imaged in the tapping mode and in scans of 500 nmx500 nm according to procedures published in
the literature [34]. Data evaluation of images included calculating the average roughness (Ra) and

the root mean square roughness (Rq).

&9



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 resolution of 4 cm™. The spectra were recorded between 800
- 4000 cm!. 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 -
1700 cm™ in protein spectra. This band is caused by the stretching of the C=0O double bond and
gives information about the secondary structures. The amide II and III bands are not analyzed here
as they give peaks of weak intensity and can be easily overlooked [35]. 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 has been included in the supplementary 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 50ml/min. Glass transition temperatures
were determined from resulting thermograms 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.

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 done using an American Society for Testing and Materials, ASTM E

96 (1996) standard [36]. The zein-Laponite® (Z-L) films were attached to the permeability cups
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containing 8 mL of distilled water. Then the cups were placed in desiccators containing a saturated
salt solution of MgCly, while a temperature of 22°C and a relative humidity (RH) gradient of 64%
was maintained. The sample cups were weighed every 24 hours 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' hr ' m™!) was calculated as

follows:

WVTR

WVP=———xx
P(R1—-Ry)

P is the saturation vapor pressure of water (Pa) at the test temperature (25 °C); R is RH in the

permeation cell; R2, the RH in the MgCl solution; and x is the film thickness (m).

Water Contact Angle Measurements

Water contact angle measurements were performed with an Attension Theta Auto 1 Optical
Tensiometer. All measurements were done on the sides of the zein-Laponite® films that were
previously in contact with PDMS. 2uL droplets of deionized water were dispensed onto the surface
of the film and images were collected for 10 seconds 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 interface was measured and the change in hydrophobic/hydrophilic
balance on film surfaces was evaluated. Water contact angle measurements were conducted in

triplicate for the contact side, following the method described in literature [37].

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 Analyzer with a 30g load cell. The
films were cut into 20 mm x 70 mm strips and the samples were kept for 48hrs at 50% relative
humidity and 25 °C before analysis. Three thickness measurements were taken across the gauge

length of the films and averaged. The pre-test and post-test speed was 1 mm/min.
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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 evaluate the differences, and Tukey’s pairwise comparison 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.

4.4 Results and Discussion
4.4.1 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 result of the
nanoparticle-matrix interactions. 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 have been imaged with TEM and can be seen in Fig. 4.1. (a) . 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 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. [38]. In
this paper, formation of Laponite® covered latexes, allow 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. 4.1

(a), (c) and (d)).
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Fig. 4.1. 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)
Plasticized zein film showing dark areas of phase separated oleic acid. (c) Z-5L nanocomposite
film, showing intercalated, exfoliated Laponite® platelets dispersed throughout the zein matrix.
(d) Z-10L nanocomposite film, showing intercalated, exfoliated Laponite® platelets and some
degree of aggregation. The magnified areas show individual nanoparticles as seen from the side

Fig. 4.1 (b) shows the TEM image of a zein film containing oleic acid plasticizer. The dark

spots seen within the polymer matrix come from phase-separated oleic acid. Fig. 4.1 (¢ and d)
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show 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 multilayered
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. 4.1(d))
intercalated areas are more frequent and aggregation becomes more pronounced. Within small
aggregates or domains, the nanoparticles appear to align parallel to each other. This parallel
orientation or intercalation is more prominent at higher Laponite® concentrations where polymer
space decreases and a house of cards structure is not feasible any more. Intercalation and
orientation of Laponite® within smaller domains further increases barrier properties and thus water
vapor permeability decreases (see below). The structural characteristics observed here can be
related to the sample preparation and film casting techniques used.

Fig. 4.2, shows photographs of the three different nanocomposite films taken over a Purdue
Pete cartoon, to examine the optical appearance of the films. The zein control (Z-OL) 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®. However, 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. 4.1), however micron sized heterogeneities in the films or density
fluctuations of Laponite® within the polymer matrix (see, TEM, Fig. 4.1) may lead to darker and

translucent films.
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(2) (b) (©

Fig. 4.2. 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 (c¢) Z-10L nanocomposite film.

4.4.2 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 [39]. Non-uniform dispersion can lead to rough and irregular surface
properties [25]. As uniform dispersion leads to better interactions between polymer and
nanoparticles, the AFM technique also helps optimize the fabrication of better nanocomposite
films with improved properties. Surface topography of Laponite® nanoparticles using AFM have
been investigated in different studies [40—42] and in those studies, the nanoparticles have shown
characteristic rag-like surface with domains of ridges and valleys. Topographies of the zein control
(only plasticized) and zein-Laponite® nanocomposite surfaces are shown in Fig. 4.3. The images
shown in Fig. 4.3 (a), (b) suggest that pristine zein surfaces have high surface roughness which is
in agreement with findings from the literature [34, 43]. Fig. 4.3 (c), (d) display the surface topology
of a representative zein-Laponite® nanocomposite (Z-5L). Comparison of Fig. 4.3 (a) and (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 [44]. The surface topography
of the nanocomposite resembles the surface topographies of pristine Laponite® nanoparticles [42],
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. Analysis of Z-5L, the 5% Laponite®
containing nanocomposite, 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
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of the Laponite®®and the nanoparticle interactions with the zein polymer influence the
arrangement of the polymer chains near to the Laponite® surfaces, which results in a more compact
structure. With increasing Laponite® concentration (Z-5L), the amount of zein in the matrix
decreases which leads to a change in the surface roughness when compared to the zein only control.
This change in surface roughness is influenced by the degree of exfoliation and intercalation of the

Laponite®, throughout the zein matrix.

T 1
oo 1: Height 5000 nm

T 1
0.0 1: Height 500.0 firn

(©) (d)

Fig. 4.3. (a) Three-dimensional AFM image of a control zein film on a 500 nmx500 nm scale,
showing large features as high as 30 nm. (b) Top view of the control zein-film section. (c) Three-
dimensional image of a Z-5L film on a 500 nmx500 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.
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Other studies investigating Laponite® nanocomposite surfaces have reported slight increases
in roughness [25], mostly due to irregular or non-uniform dispersion of the nanoparticle in the
polymer matrix. Publications on different polymer-clay nanocomposites such as chitosan-
Montmorillonite [39], or poly(3-hydroxybutyrate-co-3-hydroxyvalerate)-Cloisite30B [45] have

reported significant decreases in surface roughness after addition and dispersion of clay.

4.4.3 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. Fig. 4.4 summarizes FTIR data from pristine zein powder, plasticized control zein films
and plasticized nanocomposite films containing 1, 3, 5, 10% Laponite®. FTIR data of pristine zein
powder and the zein control and nanocomposite films show the typical characteristics of proteins
including the amide I, II and III bands or peaks. The peaks observed between 2800-3000 cm'!
come from -CHj3 and -CH2 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 [46]. 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 [46].
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Fig. 4.4. Comparison of the FTIR spectra of pristine zein powder, control zein with oleic acid,
and zein-Laponite® nanocomposites (1%, 3%, 5%, 10%), within the 3700cm™-800cm! range.
Addition of oleic acid results in increases in the intensity of new peaks at 1709cm™ due to the
carboxylic acid C=O stretch, and 2854 cm™ due to alkyl C-H stretch, and further addition of

Laponite® result in new peaks at 1064 cm™'which can be attributed to Si-O stretching. The peak

at 1000 cm™! can be attributed to Si-N stretching.

When pristine zein is compared to the control zein plasticized with oleic acid, an increase in
intensity is visible at 2924 cm™ and 2854 cm™'. The oleic acid increases 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 [46] and ultimately increased the intensities of the peaks at 2924 cm™ and 2854 cm™! .

A new peak at 1709cm™! comes from the carboxylic C=0O stretching of the oleic acid.
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Typical FTIR spectra of pristine Laponite® show a prominent peak from Si-O stretching,
located at 1080 cm™! [47]. The Si-O peak has also been located at 1011 cm™ [48], and at 1090 cm”
1 [37]. A comparison of the FTIR spectra in Fig. 4 shows the rise of new peaks at 1000 cm™' for Z-
3L, Z-5L and Z-10L and at 1064cm™ for Z-5L and Z-10L, which is similar to the peak found in
Laponite® at 1080 cm™ (Si-O). The multiple spectra obtained for each concentration 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 characteristic peaks around 1632-1636 cm™ and
the B-turn structures show characteristic peaks around 1680-1686 cm™! [49] . Another study [50]
has reported that, p turns appear around 1671 cm!, and intermolecular B sheets appear around
1610 cm’!. Pristine Zein, Z-OL to Z-10L nanocomposites show, B turns, o helices, as well as
intramolecular and intermolecular B sheets. The nanocomposite formation affected the area and
height intensities of all the characteristic amide I peaks. From Fig. 4.5, 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 remain
the same. The formation of new bonds between Si-O and zein eliminates some of the degree 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.
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Fig. 4.5. Comparison of change in secondary structure distribution, in the amide I region, with
addition of Laponite®. (a) B-sheet shows increase, (b) a-helix shows decrease and (c) B-turns
show increasing trend, indicating that addition of Laponite® to zein, promotes the decrease in

ordered structure and gives rise to more disordered structure. Different letters above error bars

signify statistically significant differences according to Tukey’s pairwise comparison (p<0.05).
Although the area under the peak shows an increasing trend for B 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.

Zein organizes itself in mostly compact capsule-like structures which are bonded to each
other through glutamine residues [51]. 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 addition of Laponite® in Fig. 4.5, 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 the Fig. 4.6.
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Fig. 4.6. Proposed mechanism of interaction between zein and Laponite®

As suggested in the Fig. 6, a logical way is that the Si-O groups 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 B-turns. The rise of a new peak at 1000 cm™ as seen in Fig. 4, can be
attributed to Si-N stretching [52—54]. The characteristic peak at 800cm™ for Si-C [55] is not

observed leading to the conclusion that no Si-C bonds were formed.

4.4.4 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 formation between the polymer matrix and nanoparticles. In Fig. 4.7
(a), the DSC thermograms of the zein-Laponite® nanocomposites shifted (right) to higher

temperatures with increasing Laponite® content, and the glass transition temperature T showed

101



increase with increasing Laponite® content. This can also clearly be seen from the histograms in
Fig. 4.7 (b). The increase in Tg 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 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 -sheet conformation, and decrease in a-helices. This
result is also, in good agreement to mechanical properties, which show higher tensile strength with

increasing Laponite® content.
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Fig. 4.7. (a) DSC thermograms of Zein-Laponite® Nanocomposites. (b) DSC histograms of Zein-
Laponite® Nanocomposites. Addition of Laponite® increases the glass transition temperature,
indicating that Laponite® forms a bond with zein polymer chains and increases rigidity, hence

raises Tg. Different letters above error bars signify a statistically significant difference (p<0.05)

Other studies showed that addition of Laponite® as well as other clays like Montmorillonite,
increase the T, of PMMA [56]. Similar results were reported by Manisara and Pancheri, where
they found that addition of cellulose microfibrils to zein increased the Ty of Zein films [15]. Other
biopolymer-nanocomposite studies show a similar trend of nanofillers bonding with polymeric
chains thereby creating a more compact and rigid structure, which increase the T,. This increase
correlates with the tensile strength and Young’s modulus and with a decrease in the % elongation

at break [57].
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4.4.5 Water Vapor Permeability

The Water Vapor Permeability (WVP) is an important property that guides the application
of the biopolymer. An increase in permeability is sometimes desired, e.g. for wound dressings [58],
whereas, in some cases a decrease in WVP is crucial for applications such as biosensors and
packaging materials. WVP of zein-Laponite® nanocomposite films are summarized in Fig. 4.8.
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
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 nanocomposite 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
arrangement results in an increase in WVP. From the TEM images shown in Figure 1, we can see
that on average the nanoplatelets are randomly oriented. 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. 4.8.
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4.4.6 Water Contact Angle Measurements

Several studies from the literature report a relationship between water contact angle
measurements and water vapor permeability [59—62]. The authors usually 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 non-polar film surfaces or
hydrophobic surfaces, which ultimately results in a reduction of water vapor permeability. Since
Laponite® is hygroscopic as well as hydrophilic, we would assume that addition of Laponite® will
increase the hydrophilicity of a polymer 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® surfaces. We then determine how the changes in
WCA are correlated to the WVP findings presented above.

Water Contact Angle, WCA measurements were done from the zein-PDMS contact side. Fig.
4.9 shows the average WCA values for films with different Laponite® concentrations. The control
zein as well as the Z-L nanocomposites showed hydrophilic properties, as their WCA were lower
than 90°. Control Zein had a contact angle of 54° which is consistent with the findings from the
literature[37]. However, as Laponite® was added to zein, the WCA started to increase; with 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 [63] and regenerated cellulose [64] nanocomposites.
Another study on Cloisite-10A a hydrophilic 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. 4.4). As the degree of surface hydrophobicity increased, the
WYVP of nanocomposite films decreased. This trend may indicate a relationship between contact

angle changes and water vapor barrier due to presence of Laponite® in the polymer matrix.
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Fig. 4.9. Water contact angle of zein-Laponite®
nanocomposites, show increase with increasing
Laponite® concentration. The presence of Laponite®
slightly increases the hydrophobic properties of zein.
However, the WCA of the nanocomposite films are
still within hydrophilic range. Different letters above
L

g a
b ab ab I I
I I I error bars show statistically significant differences

Z-0L Z-1L Z3L Z-5L Z-10
<
Z-L Nanocomposite (p 005)

Water Contact Angle
B B 8 & 8 8 #

(=]

4.4.7 Mechanical Property

Mechanical properties of nanocomposites constitute an important factor in its various
biomaterial applications. Nanocomposites should withstand different stresses, whether used as
microfluidic substrates, as scaffolding materials or in food packaging. The mechanical properties
of zein-Laponite® nanocomposites including tensile strength (TS), Young’s modulus (YM) and %
elongation at break (EAB) are summarized in Fig. 4.10. With increasing Laponite® concentration
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® were 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 polymer chain experiences restricted mobility and % elongation at break decreased.
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Fig. 4.10. Comparison of the different mechanical properties of the zein-Laponite®
nanocomposites (a) Tensile Strength (b) %Elongation at Break (c) Young’s Modulus. Different
letters above error bars signifies a statistically significant difference (p<0.05)

Table 4.1. Comparison of Mechanical Property modification of different Zein-nanocomposites
(with similar %nanomaterial loading) from literature

Zein Plasticizer % Tensile Strength Young’s Modulus Ref.
Treatment Nanofiller | % Increase | Value (MPa) | % Increase | Value (MPa)
L Oleic Acid 5 190% 4.3 1146%, 101 Current
Study
MMT PEG 5 1127% 6.48 1315%, 336 [7]
CMF Glycerol 4 128% 15.05 162%, 1475 [15]
AL | Polyethylene | 5(1)* | 1153%* | 3.8(453)* | NA NA [16]
Glycol

L Laponite®, MMT Montmorillonite, CMF Cellulose Micro fibrils, 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 is reported.
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Table 4.1 shows comparison with property modification of other zein nanocomposite films
from the literature shows, the Z-L nanocomposites had the highest Young’s modulus improvement

compared to the other nanocomposites of zein.

4.5 Conclusion

For this study, novel biodegradable zein-Laponite® nanocomposites were successfully
engineered, aiming at understanding the chemistry behind zein-Laponite® interaction, for
advanced material design. Different fractions of Laponite® was 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 underlying chemistry between zein and nanoparticles
interaction 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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5.1 Abstract

Graphene oxide (GO)-based zein nanocomposite films with superior mechanical, barrier and
thermal properties were fabricated by incorporating GO nanoparticles into corn protein zein (Z2),
through the solvent casting process. The study offers a mechanistic understanding of the effect of
graphene oxide nanofiller on the physico-chemical properties of zein. TEM of the zein/graphene
oxide (Z-GO) nanocomposites showed uniform dispersion of GO sheets up to 1%GO loading.
Mechanisms for Z-GO nanocomposite formation through covalent and non-covalent bonding are
developed based on FTIR, FT-Raman and DSC results. At only 3% loading, the Young’s Modulus
of a nanocomposite film increased by 300% and Tensile strength increased by 80%. The increases
in mechanical property improvements are accompanied by surface roughness increases as
indicated by AFM studies. Even though GO is hydrophilic, the Z-GO nanocomposite films showed
hydrophobic tendencies. The amount and degree of exfoliation of GO as well as the relative
orientation of GO nanoparticles within the zein film all play an important role in the physical

property changes of the film. The films became less permeable with increasing amounts of GO
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addition, as shown by water vapor permeability tests. GO increased thermal stability as shown by
TGA.
Keywords: Zein, GO, Packaging, TEM, FTIR, AFM, Water Vapor Permeability

5.2 Introduction

Synthetic polymers are polluting the environment at an alarming rate. The “Great pacific
ocean garbage patch”, has grown in size from double the span of Texas [1], to three times the span
of France [2]. Biopolymers have received significant consideration as eco-friendly alternatives
with nontoxicity, biocompatibility, low cost, non-dependence on petroleum sources, and
availability from renewable resources. Moreover, natural bio-based polymers are easily
biodegradable within a short period, which solves the waste-disposal problems generated by
synthetic non-biodegradable polymers. Unfortunately, many biopolymers do not have good
mechanical strength and barrier properties. As a result many research groups are exploring how
various performance properties of biodegradable biopolymers can be improved [3].

Plant and animal proteins including wheat gluten, sorghum kafirin, peanut proteins, corn
zein, gelatin, fish myofibrillar protein, keratin, casein and whey protein [4—7] have been studied
for their film formation properties and the associated applications. Zein, an amphiphilic protein
from corn, has shown potential for use as biodegradable packaging material [8, 9], encapsulating
agent [10], sensor platform [11]. Zein films can be formed using solution casting and thermoplastic
processing [8, 9]. Although pristine zein films have poor mechanical properties and are brittle,
plasticizers including oleic acid, palmitic acid, linoleic acid, chemical cross-linking, and
laminating with other protein films can reduce brittleness and increase ductility [12]. However,
none of these techniques have been able to improve zein’s thermal and mechanical properties so
as to compete with commercial synthetic polymer films. A potential solution and impactful avenue
to explore is to improve zein properties using a combination of nanofillers and film forming
techniques [8, 13, 14].

Carbon nanotubes, nano clays, and graphene nano sheets have been successfully used to
improve the properties of polymers and biopolymers[13, 15-17]. For example, PLA from starch,
showed excellent mechanical and barrier properties after incorporating thermally reduced

graphene (TRG) [18], graphene oxide (GO) [19] and reduced graphene oxide (RGO), mainly using
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in situ polymerization, melt blending and solution casting [20]. Nanocomposites of
polysaccharides including starch, chitosan, alginate and cellulose have been manufactured using
different forms of graphene, with different preparation methods [13, 21-23]. Results have shown
that graphene increases mechanical, thermal, barrier and electrical properties of many of these
biopolymers [20, 24]. Graphene and its derivatives have also been used in biosensors for the
purpose of protein detection [25]. The level of enhancement of mechanical and barrier properties
depends on the nature of polymer-nanoparticle interactions and the uniform dispersion of
nanoparticle in polymer matrix [26].

There have been some recent studies on the fabrication of nanocomposite hydrogels using
GO and different polysaccharides and proteins. Zhao et al. 2019 [21] fabricated GO-maize
amylopectin (MA) (GO: MA ratio =20:1, 30:1) composite gels to study their adsorption capacities
for different organic chemicals like p-aminophenol (PAP), p-nitrophenol (PNP) and inorganic
substances like Pb?*, Mn**, Cr.07*~, Cd*" etc. FTIR comparison of GO-MA30.1 and GO-MA20:1
before and after adsorption of PAP, Pb?" and Nd*" indicated peak shift due to adsorption, XPS
peaks indicate formation of metal-oxygen coordination bonds (O-Pb, O-Nd) that greatly improved
the adsorption process. In the study by Xu et al. 2019 [23], three-dimensional (3D) egg-white
(EW)-GO nanocomposite gels (GO: EW =1:1, CEG1:1) were studied for their adsorption abilities
of rare earth elements. FTIR studies indicated hydrogen-bonding interactions between GO and
EW, while XPS spectrum further verified successful fabrication of CEG nanocomposites.

Three-dimensional porous graphene oxide-zein hydrogels have been produced with GO to
zein ratio of 3: 1, 5:1, 9:1 using a hydrothermal process, where zein acts as a strengthening agent
for the GO hydrogel, for the purposes of selectively adsorbing and harvesting rare earth elements
[27]. Maximization of the adsorption and harvesting capacities of these rare earth elements for
enrichment purposes were the main focus of the paper and they reported the maximum adsorption
capacities of GO-Zo.1 for lanthanum (La), yttrium (Y), ytterbium (Yb), neodymium (Nd) and
erbium (Er) were 17.29, 14.2, 10.08, 9.68 and 11.72 mg/g, respectively.

The role of zein as a strengthening agent for GO hydrogels for the purposes of selectively
adsorbing rare earth elements have been studied [27], but the role of GO nanoparticles as a
reinforcing agent for zein nanocomposite films for packaging application has never been
investigated. In fact, there are very few studies on protein-GO nanocomposites films in general. A

study by Panzavolta et al. [28] utilized solution casting to fabricate nanocomposites from pig
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gelatin and graphene oxide and reported a 50% increase in Young’s modulus at 1% GO
loading. While another group studied bioactive gelatin-GO nanocomposites, where addition of 1
wt% GO improved Young’s modulus by 65% and acted as a biological activator [29].

According to our knowledge, zein protein has never been functionalized or reinforced with
GO nanoparticles, in order to form nanocomposite films for packaging and other functional film
applications. Many studies lack mechanistic understanding for specific interactions of the
biopolymer and the nanofiller. The effects of the plasticizer on the interactions between the
polymer and the nanoparticle are not clear. Earlier research primarily focused on the combined
effects of the nanoparticles and plasticizers, by studying macroscopic property changes [13]. The
underlying chemistry of nanocomposite formation, in the presence, and absence of plasticizers
needs further understanding.

This paper focuses on the property enhancements of zein films with the addition of graphene
oxide. We provide mechanistic understanding of the synergistic effects involved in zein-GO
nanocomposites by studying 1) the conformational changes in zein secondary structure during
nanocomposite formation and 2) The changes in FTIR and FT-Raman spectra leading to
understanding chemical interactions between zein, the plasticizer oleic acid and GO. The
mechanism proposed between zein and GO in the presence of the plasticizer, is based on
interpretation of these results. The effects of nanocomposite formation on zein surface topography
through AFM and water contact angle measurements, are particularly significant for the
development of tunable hydrophilic/hydrophobic properties relevant to biomedical, industrial and
functional film research. We present detailed understanding related to the changes in surface

topography and surface wettability.

5.3 Experimental Methods
5.3.1 Materials

70% ethanol (140 proof (70%)) was purchased from Decon™ Labs). Monoglyceride was
purchased from Alfa Aeser (Ward Hill, MA, USA). Zein (90% crude protein dry weight basis) and
oleic acid were obtained from Sigma-Aldrich (Milwaukee, WI, USA)). Graphite flakes, potassium
permanganate (KMnQOs), 96% sulfuric acid (H2SOs), phosphoric acid (H3PO4), 30% hydrogen

peroxide (H20») were purchased from Fisher Scientific.

116



5.3.2 Preparation of GO using Tour’s Method

Graphene Oxide (GO) was prepared using Tour’s method [30]. An aliquot consisting of 3g
of graphite flake, 18g KMnO4, 360 mL H>SO4, 40 mL H3PO4 was added into a beaker to form a
dark green color. The mixture was stirred vigorously at 50°C. After 12 h, the mixture was poured
over 400mL of ice (DI water) while stirring. This step caused the color of the mixture to turn
brown. Then H>O; was added dropwise until the mixture turned bright yellow. Centrifuging at
10,000 rpm speed for 30min, caused separating of GO from the supernatant. The graphene oxide
was washed/centrifuged three times with 1 M of HCI aqueous solution and deionized water. After
several washing steps, GO turned black. Afterwards the GO was dried in a desiccator, over CaSO4

drierites, and then re-dispersed in 70% aqueous solution with sonication.

5.3.3 Fabrication of Zein-GO Nanocomposite Films

Zein films were prepared according to Rouf et al. 2018 [8]. A beaker was filled with 50 mL
of 70% ethanol, then GO was added in amounts of 0.1wt%, 0.3wt%, 0.5wt%, 0.7wt%, 1wt%,
1.5wt%, 2wt%, 3wt%. This mixture was sonicated for 1 minute at 39% amplitude, stirred and
heated to 65°C. Zein powder in amounts of 10g was poured slowly into each GO-ethanol mixture
and stirred for one hour. The zein to 70% ethanol ratio was maintained at 1:5 weight/volume. In
a separate beaker, 10 g of oleic acid plasticizer and 1.5 g of monoglyceride emulsifier were mixed
and heated, until the monoglyceride dissolved in the oleic acid. The oleic acid-monoglyceride
solution was added to the zein-GO solutions and the resulting mixtures were stirred for 24 hours
and then sonicated for 30 seconds. Afterwards, 10 ml of each solution was pipetted onto a
polystyrene petri dish lined with PDMS, which allowed the zein film to be removed easily after
solvent evaporation. The petri dishes were placed in desiccators and dried over CaSQOj4 drierites for

3 weeks.

5.3.4 Characterization Methods

GO samples for Transmission Electron Microscopy (TEM), were prepared by dispersing the
GO in ethanol, sonicating for 5 minutes and then placing the dispersion on holey carbon TEM

grids. A Tecnai T20 TEM (FEI Company) with an acceleration voltage of 200 kV was used. Z-
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GO nanocomposite samples for TEM were prepared following a procedure published previously
[8].

The surface morphologies and roughness of the nanocomposite films were investigated using
a Veeco Multimode Atomic Force Microscope (AFM) (Veeco Instruments, Inc., New York). Si-
Ni Tips (Spring Constant: 37 N/m, Frequency: 300 kHz), had a pyramidal shape with a height of
15 um, from Ted Pella, Inc. Roughness data was presented in the forms of root mean square
roughness, ‘Rq’ and average roughness ‘Ra’. Details about Rq and Ra are discussed in the
supplementary information. Other specifics of these measurements are reported in the literature
[8].

Fourier Transform Infrared Spectroscopy (FTIR) was performed for both quantitative and
qualitative analysis, specifically for identifying chemical bond formation within the
nanocomposites. Experiments were done using a nitrogen cooled Attenuated Total Reflectance
FTIR (Nicolet Nexus 470 FTIR, Thermo Fisher Scientific, Waltham MA), with 64 scans at a
resolution of 4 cm™. The FTIR analysis and secondary structural analysis was done using a method
described before [8]. Within the amide I band, the a-helix conformation gives characteristic peaks
around 1653- 1658 cm’!, B-sheets give characteristic peaks around 1632-1636 cm™ and B-turn
structures show characteristic peaks around 1680-1686 cm™ [31]. The amide I region may also
display the presence of B-turns around 1671 cm™, and intermolecular B sheets around 1610 cm™
[32].

FT-Raman spectroscopy using a NXR FT-Raman Spectrometer (Thermo Fisher Scientific,
Waltham, MA) provided fingerprint identification of molecules through vibrational information
specific to the chemical bonds and symmetry of molecules. FT-Raman tests were conducted for
the GO sheets and Z-GO nanocomposites, following a method described in literature [33].

Differential scanning calorimetry (DSC) was performed using a Discovery Nano Series DSC
instrument (TA instruments, Delaware, USA). Calibration was based on pure indium and sapphire.
An empty aluminum pan was used as reference. Samples of 4-5 mg were subjected to analysis
using an initial heating cycle starting from 20 °C to 300 °C and then cooling back to 20 °C at a rate
of 10 °C/min per cycle, and under continuous purging of nitrogen at 50 ml/min. In all DSC traces,
positive upward peaks correspond to exothermic processes and downward peaks correspond to

endothermic processes.
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Water contact angle (WCA) measurements were performed with an Attension Theta Auto
Optical Tensiometer (Biolin Scientific). All measurements were done on the sides of the zein-GO
films that were previously in contact with PDMS. Other specifics of these measurements are
reported in the literature [8].

The water vapor barrier properties of the nanocomposite films were analyzed through
measuring water vapor permeability (WVP) using Gardco® permeability cups (Paul N. Gardner
Company, Inc., FL, USA) by following ASTME 96 (1996) method [34]. Other aspects of these
measurements have been described before [8].

Thermogravimetric analysis (TGA) was used to monitor the effect of GO content on thermal
properties of zein-GO nanocomposite films. TGA was performed on a TGA 55 instrument (TA
instruments, Delaware, USA) in nitrogen atmosphere. The samples were heated from room
temperature to 600 °C at a heating rate of 10 °C/min.

The tensile strength (TS), Young’s Modulus (YM) and percentage of elongation at break
(%EAB) were determined using a TA.XT Plus Texture Analyzer (Texture Technologies Corp,
South Hamilton, MA) with a 30 g load cell following a well-known procedure [8].

For each of the zein nanocomposites, the experiments were repeated three times. Data were
statistically analyzed and compared using Minitab 18 (one-way ANOVA) with 95% confidence
level. Tukey’s comparison tests were applied (p < 0.05) and lettering system was used throughout
the paper to show significant difference, such that different letters indicate significant difference

between the adjacent values [8].

5.4 Results and Discussion

We first present the results from FTIR, FT-Raman and DSC. These chemical interaction
experiments help establish the nature of chemical bonding between zein and GO. Then we present
and discuss the TEM experiments providing microscopic insights into interactions between GO
and zein. Surface properties, permeability, thermal and mechanical measurements present
evidence for the changes and improvements in physical properties of zein GO nanocomposite

films.
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5.4.1 FTIR

In Fig. 5.1, FTIR data from pristine GO sheets showed characteristic peaks at 1067 cm™ due
to C-OH bending oscillations, 1390 cm™! due to epoxide (C—O—C) vibrations, and 1623 cm 'due
to vibrations from ketonic species (C=0). Weaker peaks were observed at 1738 cm™! from C=0
stretching vibrations of carboxyl and carbonyl moieties [35]. A broad prominent peak at 3358 cm’
! comes from —~OH stretching vibrations of hydroxyl groups. All these peaks are in agreement with
earlier studies with pristine GO [35]. The pH of GO solution in water was reproduced at pH 2-
2.50, suggesting that the C=0 and C-OH groups are responsible for the carboxylic acid character
of GO in solution. This is important because GO may interact with the -NH> groups on proteins to

form covalent peptide-like bonds.
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Fig. 5.1. FTIR Spectra of GO showing all the characteristic peaks (Inset image shows surface of
GO decorated with possible oxygen containing functional groups)

Fig. 5.2 shows comparison of FTIR data of plasticized zein control films (zein + oleic acid),
as well as plasticized zein nanocomposite films containing 0.1%, 0.3%, 0.5%, 0.7%, and 1% GO.
FTIR data of the zein nanocomposite films show typical protein peaks with amide I (1600 -1700
cm™), amide II (1480-1575 cm™) and amide III (1230-1330 cm™') bands. The amide I band, is
caused by the stretching of the C=0O double bonds and gives information about the secondary
structures in proteins. The peaks between 2800 to 3000 cm™! come from -CH3 and -CH> side chain
aliphatic groups of amino acids. The broad peak at 3000-3500 cm™! is well known and comes from
the N-H stretching of amide structures. In FTIR spectroscopy, the rise of new peaks in the zein

nanocomposite films or shift in original zein peaks in the spectra gives information about zein-
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graphene oxide interactions. These peaks help understand and ultimately tune these interactions
for an improved nanocomposite design. The interactions of zein with C-O groups from graphene
oxide are derived from the peaks shown in Fig. 2, where a new peak 1050 cm™ in the zein GO
nanocomposite films is attributed to increased C-C-O stretching vibrations [36]. The inset
expansion of this peak in Fig. 5.2, shows this increase in intensity with concentration of GO.

The spectra for each concentration of GO obtained over multiple locations on the zein-GO
films are highly reproducible and superimpose perfectly. This suggest that GO is dispersed
uniformly throughout the matrix. If the sample would be heterogeneous, the peak intensities would
differ within the samples of the same formulation. Other studies found in the literature have used

this technique to confirm uniform distribution of particles in a matrix [13].
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Fig. 5.2. Superimposition of full FTIR spectra of Z-GO nanocomposites, showing how the peak
at 1050 cm™! increases in intensity with increasing concentration of GO

There are possibilities of hydrogen bonding between oxygen containing groups (-OH, -
COOH) from GO and —-NH and -C=0 groups of zein, as can be seen in previous studies of GO
with other polymers [37—40]. Hydrogen bonding between GO and zein amino acids changes the
native secondary structure of zein. Nanocomposites films containing Z-0% to Z-3% GO show
different ratios of B turns, a helices, and 3 sheets (Fig. 5.3). The nanocomposite formation affected
the area and height of the characteristic amide I peaks. For example, B-sheet conformation

increases relative to the zein control up to Z-0.7% GO. Above a concentration of 0.7% GO, the B-
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sheet conformation decreases. Changes observed in a-helix and B-turns are the result of changes
in % P-sheet conformation. The decrease in % [ sheets can be attributed to hydrogen bond

formation between zein molecule and graphene oxide.
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Fig. 5.3. Zein-GO nanocomposites show a decrease in B sheets, while a-helix data do not show

significant difference with increasing GO concentrations, B-turns do show some increase, but it

is statistically insignificant. Different letters above error bars signifies a statistically significant
difference (p <0.05)

GO showed greater propensity to form hydrogen bonds with B-sheets as opposed to a-helices.
The H-bond forming functional groups in -sheets are exposed due to the sheet like orientation
which can more easily accommodate the C=0 groups from GO, resulting in H-bond formation.
The hydrogen bonding groups are buried in the interior of the a-helices and thus not easily
available to GO sheets. B-sheet structures were bonded to each other through intermolecular
hydrogen bonds, before being broken in favor of hydrogen bonds to GO. This may have caused

reduction of B sheet peaks in the Z-GO nanocomposites in the presence of GO.

5.4.2 FT-Raman

The FT-Raman spectrum of GO in Fig. 5.4 (a) showed two prominent and characteristic
peaks at 1309 and 1590 cm’!, corresponding to the D band and G band [10]. These are Raman
active bands that are not detected using FTIR. The G band is caused by in plane C=C bond
stretching vibrations of sp? bonded carbon atoms and the D band is due to vibrations of the carbon
atoms of disordered graphite. The prominent D peak in the FT-Raman spectra is an indication of

the presence of disorder in the GO sheets. Structural disorder is induced by tears and folding over
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of the GO sheets as well as the presence of residual oxygen coming from graphene oxidation and
point defects [41].The intensity ratio of D to G bands (Ip/Ig) indicates the ratio of C=0 to C=C.
The degree of disorder caused by defects, ripples and edges is approximately 0.86 in this study
compared to 0.64 [42] and 0.76 [41] reported in earlier studies. Highly ordered graphite displays
a G band at 1575 cm™!, which is caused by in-phase vibration of the graphite lattice and a very
weak disorder band at approximately 1355 cm'[42]. During GO fabrication, amorphization of
graphite causes significant changes in both G and D bands. A common understanding is that,
higher disorder in graphite results in broader G and D bands, where the D band is of higher
intensity compared to the G band [43]. As the graphite is oxidized during GO preparation method,
the D/G ratio increases, and approaches 1 (D band peak height, 0.55/ G band peak height, 0.64 =
0.86) (Fig. 5.4 (a)).
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Fig. 5.4. FT-Raman of (a) GO only sample, (b) Control Zein film, Z-0.1%GO, Z-0.3%GO0, Z-
0.7% GO and Z-1% GO nanocomposites

The average FT-Raman spectra of Z-GO nanocomposite films containing 0%, 0.1%, 0.3%,
0.7% and 1% GO are shown in Fig. 5.4 (b). FT-Raman spectra of control zein films shows the
amide I band (1600—1700 cm '), which is caused by the C=0 and C=C groups. The amide III peaks
(1220-1300 cm™!) are caused by C-N and N-H groups. The peak observed between 1400 and
1480 cm! is typically caused by aliphatic -CH» and —CHj3 vibrations, and partially in plane OH
bending in carboxylic acids [44, 45], which comes from oleic acid [46]. When the zein control is

compared with the Z-GO nanocomposites spectra, two major changes are observed. The first
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change is the disappearance of the peak at 1450 cm™!

with only small amounts of GO addition (Z-
0.1%GO). The peak at 1450 cm™ is attributed to -CH, bond vibrations and in plane OH bending
in carboxylic acids coming from oleic acid and is only visible for zein control samples. This peak
disappears in all of the Z-GO nanocomposites, which might be correlated with a reduction in the
interaction between zein and oleic acid during nanocomposite formation, which reduces the
intensity of the 1450cm’! peak.

Another significant difference between the spectra of the zein control and the Z-GO film, is
the shift in peaks at 1657 to 1595 cm™!. The zein control peak at 1650cm™! is the amide I band, but

after nanocomposite formation, this peak shifted to 1600-1595 cm!. This shift can be the result of

secondary structure changes through hydrogen bond formation, discussed in the FTIR section.

5.4.3 Differential Scanning Calorimetry (DSC)

Fig. 5.5 shows the DSC thermograms obtained from pristine graphene oxide, and zein-GO
nanocomposites films. For pristine GO, a strong exothermic peak from 150°C to 200°C and an
endothermic peak between 200 to 250 °C are observed, which can be attributed to the
decomposition of the labile oxygen-containing functional groups, -COOH, —OH, —C=0 etc. [47].
For lower loadings of GO in Z-GO films the thermograms look similar to each other but at loadings
higher than 1%, two significant changes occur. First, for Z-2%GO and Z-3%GO a strong
endothermic peak between 260-290°C is observed which is the melting peak of the Z-GO
nanocomposite films. With higher loading of GO, (from 2% GO to 3%GO), the endothermic
melting peak shifts by 20°C lower temperature. This is a clear indication of hydrogen bond
formation between zein and graphene oxide molecules [48]. On the other hand, for both Z-2%GO
and Z-3%GO nanocomposite film thermograms, there are two exothermic peaks between 150-
160°C and between 170-200°C (highlighted with dashed lines). The exothermic peaks for Z-3%GO
nanocomposite compared to that of Z-2%GO is broader and has higher intensity. The broadening
and the shift in the peak for Z-3%GO indicates covalent bond formation between zein and GO
molecules [49]. From the DSC images, we can see that control plasticized zein film did not show
any strong peaks indicating hydrogen or covalent bonds, whereas for the zein-GO nanocomposites,
strong peaks indicating covalent and hydrogen bonds were clearly visible at 2 and 3% GO loading.
The DSC results of the Z-GO nanocomposites support both hydrogen bonding as well as covalent

bonding, with exothermic covalent bonding interactions visible only at higher loadings of GO.
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Fig. 5.5. DSC curves for Pristine GO, Z-0%GO, Z-0.7%GO0O, Z-1%GO, Z-2%GO and Z-3%GO.
(1) Heating Cycle from 20°C to 300°C (2) Cooling cycle from 300°C to 20°C

All three characterization techniques, FTIR, FT-Raman, and DSC suggest that both hydrogen
and covalent bonding interactions are present. For FTIR, the new peak at 1050 cm™ is an indication
of increased C-C-O stretching vibrations possibly formed through bonding between zein and GO
molecules. This observation is also supported by the decrease in B-sheets within the matrix
suggesting that the -NH groups in B-sheets participate in hydrogen bonding. For FT-Raman data,
the disappearance of the 1450 cm™ peak, responsible for -CH» and ~OH vibrations from oleic acid,

indicates reduced covalent interaction between oleic acid and zein molecules. The lower shift of
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the amide I peak can be related to hydrogen bond forming between zein and GO molecules. The
DSC results support the observations and interpretations resulting from FTIR and FT-Raman data.
The reduction in melting point with higher concentration of GO indicates hydrogen bonding,
whereas, two exothermic peaks of Z-GO nanocomposite films indicate covalent bonding. Taken
together there is complimentary evidence of two types of bonding; hydrogen bonding and covalent
bonding. Hydrogen bonding can take place when 1)the -NH groups in the B-sheet structure of zein
hydrogen bonds with the -C=0 groups of graphene oxide 2) Hydrogen bonding between amine
groups of glutamine turns in zein and hydroxyl groups on GO is possible, which was also proposed
in the previous literature [50]. Possible routes for hydrogen bonding are shown below:

Zein-NH + CO-GO — Zein-NH----0C-GO .................... (1)
Zein-NH + OH-GO — Zein-NH----OH-GO ................... )

When zein is introduced into the heated 70% ethanol solution, the zein molecules undergo a
solubilization process, which breaks some of the intermolecular hydrogen bonds in B-pleated
sheets. When GO molecules come near the -pleated sheets in solution, the lone pair electrons of
oxygen in the GO may also induce the breakage of intermolecular hydrogen bonds in the B-pleated
sheets of zein. This results in hydrogen bound to electronegative N atoms in the amine group of
zein experiencing an attraction to the lone pair electrons in carbonyl groups of graphene oxide
generating a dipole-dipole interaction among the amine groups of zein and carbonyl groups of
graphene oxide, resulting in hydrogen bonding, as shown in equation 1. Zein molecules also have
an abundance of hydrophilic amine groups in their glutamine turns, and since GO is hydrophilic,
when it is mixed with zein, the -OH groups of GO interact with the amine groups of zein through
forming hydrogen bonds as seen from equation 2. Similar bonding mechanism has been proposed
previously [37, 38, 50].

Based on data from the literature and our own findings, we propose that, covalent bonding
between GO and zein molecules are possible through amidation reaction between the amine groups,
in the glutamine turns of zein, with carboxylic acid (-COOH) groups at the edges of GO [51].
Previous studies reported reactions of proteins in acidic solutions with imine or amide bond
formation [33]. When GO is added first to the zein solution in 70% ethanol at 65 °C and left for
the reaction between zein and GO to proceed for one hour. This facilitates the -COOH groups

located at the edges of GO sheets to interact with the -NH> groups of glutamine ends in zein, in
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amidation reaction. The oleic acid is then added to the zein/GO solution in 70% ethanol and serves
as a plasticizer and binds to zein through the amine groups in glutamine turns, which results in C-
N bond formation [33]. Once covalent bonds are formed between zein and GO, it is anticipated
that they remain stable when the oleic acid is added even though there is a large amount of oleic
acid added compared to the amount of GO.

It is possible that additional covalent bonds will form with the COOH groups of oleic acid,
but this is not at the expense of the covalent bonds formed with zein. It is well known from prior
mechanistic work that oleic acid will also form hydrophobic bonds through its aliphatic groups
and the aliphatic side chains of hydrophobic amino acids in zein [52]. When zein is dissolved in
70% ethanol, a hydrophilic solvent, the hydrophobic side chains in the a-helix conformation will
be buried inside the helices and become unavailable to interact with oleic acid. In the B-turns,
leucine offers a potential site for hydrophobic interaction with aliphatic end of oleic acid molecules.
The hydrophobic amino acids in B-sheets can also use the hydrophobic side chains to interact with
hydrophobic tail of oleic acid. From the DSC images, we can see that control plasticized zein film
did not show any strong peaks indicating hydrogen or covalent bonds, whereas for the zein-GO
nanocomposites strong peaks indicating covalent and hydrogen bonds were clearly visible at 2 and
3% GO loading.

Since both GO and oleic acid covalently bind to zein through C-N bonds, as shown in Fig.
5.6, new C-N bonds are formed between zein and GO. The number of C-N bonds appear to remain
the same in the matrix, and no new FTIR peak attributed to increased C-N bonds can be seen as a
result of this amidation reaction. The disappearance of the 1450cm™ in FT-Raman also supports
this hypothesis, as the peak is an indication of —CH> stretching vibrations and partial in plane —OH
vibrations from the -COOH group of oleic acid and its disappearance indicates reduced interaction
between oleic acid and zein molecules.

The replacement of oleic acid by GO results in crosslinking or tighter linkage formation
between zein layers, which can be seen through stronger mechanical properties. More free oleic
acid molecules in the zein-GO matrix can travel to the material’s surface and effect the surface
hydrophobicity, which we will see in water contact angle measurement section.

Ring-opening amination of epoxy on the surface of GO [51] is another possibility for
covalent bonding route for Z and GO, however the temperature for ring opening reactions is much

higher (90 °C) than that used in our study (65 °C), thus we assume the route to be unlikely.
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Fig. 5.6. Model showing possible covalent bonding between zein and GO sheets, through
interaction between —NH> groups of B-turn and —-COOH groups of GO

5.4.4 Transmission Electron Microscopy (TEM)

TEM experiments were used to visualize individual GO sheets alone and within the zein
matrix in Z-GO nanocomposite films. TEM images shown in Fig. 5.7 (a, b), show a wrinkled
morphology of GO. The presence of numerous wrinkles is similar to what has been observed in
the literature [53]. The GO sheets appear translucent enabling the observation of stacked layers.

Light colored wrinkles are an indication of single or few layers of GO, which is consistent with
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other studies [54]. The exfoliation of GO layers help achieve extensive biopolymer/filler interfaces
resulting in multiple interactions between Z and GO. Similar results were reported by Ghobadi et
al. 2015 [53], who suggested that transparent GO sheets in the TEM images were indicative of few
layers of graphene oxide and good exfoliation.

Figures Fig. 5.7 (c, d), (e, f) and (g, h), show TEM images of Z-0.5%GO, Z-1%GO and Z-
3%GO respectively. The dark spots seen in the images come from phase-separated oleic acid [8].
In these images the wrinkled morphology is no longer seen directly. The GO sheets distributed
throughout zein matrix are either fully exfoliated, intercalated or dispersed within tactoid structures.
The figures suggest there is uneven distribution of the GO nanosheets within the zein matrix
creating a non-uniform particle density.

The samples appear heterogeneous with sub-micrometer regions void of particles, and areas
of high particle density, as indicated by darker regions. The figures show stacked layers of GO
closely located to each other. This arrangement is referred to as “tactoids”. Significant
concentration of tactoids are visible in the micrographs (Fig. 5.7 (c, d)). These structures are
formed by restacking of the nanosheets during the nanocomposite fabrication process. In Fig. 5.7
(e, 1), the GO sheets roll up and form aggregates that looks similar to aggregated GO liquid crystal
lamella [55]. The light-colored streaks seen in the image are GO sheets stacked together with a
thickness of 14-17 nm. Considering a single layer graphene oxide has a thickness of 0.78 nm and
interplanar GO spacing dgo = 0.65—0.75 nm [56], there would be approximately 9-11 layers of GO
sheets that constitute the white streaks. It is evident from the rolled-up morphology at
concentrations higher than 1% of GO, the compatibility between zein, and GO declines and
aggregates start to form which may become sites for crack propagation as suggested by
permeability measurements discussed later. In Fig. 5.7 (g, h), thicker tactoids are more prevalent
than at 1 and 0.5% GO, suggesting that the higher the ratio of GO sheets, the greater the likelihood

of restacking.
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Fig. 5.7. TEM micrograph of (a, b) Wrinkled morphology of GO sheets seen from the top, (c, d)
7-0.5%GO nanocomposite seen from the side, (e, f) Z-1% GO seen from the side, where multi
layers of GO sheets are rolled up and (g, h) Z-3% GO nanocomposite seen from the side
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5.4.5 Atomic Force Microscopy (AFM)

Fig. 5.8 summarizes the effects of GO sheets on the surface morphology of plasticized zein
films. AFM is used here to image the changes in the topography of films and as a complementary
method to TEM. Prior studies have reported that uniform dispersion can sometimes lead to
smoother surfaces than the original matrix alone [57], whereas, non-uniform dispersion can lead
to rough and irregular surfaces [58]. While TEM offers a direct visualization of the dispersion of
GO, AFM links the quality of the GO dispersion to the surface roughness of the films. AFM also
offers hints related to the efficient fabrication of nanocomposite films.

The topographies of the zein control (0% GO) and surfaces from samples containing 0.5%,
1% and 3% GO are shown in Fig. 5.8. ‘Roughness Analysis’ indicates that the control zein films
have the smoothest surface with a root mean square roughness, Rq = 0.963+0.13 nm and average
roughness of Ra = 0.755+0.435 nm. Analysis of Z-0.5% GO gives a surface roughness of Rq =
1.68+0.1 nm and Ra=1.32+1.07 nm showing a slight increase in surface roughness. The roughness
significantly increases to Rq=2.45nm=0.75 and Ra=2.00+0.762 nm, at 1% GO concentration. At
Z-3%GO0 the roughness is Rq =3.09 +1.3 nm and Ra = 2.53%+1.32 nm. These results indicate that,
at concentrations of 0.5%, GO disperses well within the zein matrix, but above 0.5% GO,
aggregates start to form, and rougher surface is created. The dispersion of GO in zein influences
the arrangement of the polymer chains near to the surfaces. With increasing GO concentration (Z-
3%GO0), the amount of zein in the matrix decreases and a change in the surface roughness is
observed. This change in surface roughness can potentially be influenced by the degree of

exfoliation and intercalation of the GO within the zein matrix.
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Fig. 5.8. Three-dimensional AFM images of zein films on a 500 nmx500 nm scale, (a) Z-0%
GO. (b)Z-0.5% GO. (¢) Z-1% GO and (d) Z-3% GO

5.4.6 Water Contact Angle (WCA)

The surface properties of biodegradable films are important, especially the ability to repel
water in biodegradable packaging applications and applications where the film is in contact to
other surfaces. We first present WCA measurements on zein-GO surfaces and then determine how
the changes in WCA are correlated to the water vapor permeability properties (section 5.4.7).
Contact angles for the Z-GO films were generated using a tensiometer. Fig. 5.9 summarizes the
average WCA values for films with different GO concentrations.

All films had water contact angles lower than 90°, suggesting hydrophilic properties. The
contact angle of zein control was 50°, which is consistent with findings from the literature [59].
With addition of GO to zein, the WCA started to increase; with the highest WCA recorded at
64.77+1.76 ° for Z-0.7%GO. Other studies have reported that GO displays mostly hydrophilic
properties with WCA = 30-60°, which thus can be successfully dispersed in solution [60].
Surprisingly, GO addition to zein, slightly increased the hydrophobicity, by increasing the WCA.
Addition of GO, impacts the surface morphology of the films by making the GO added films
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progressively rougher. Increasing surface roughness at the nanoscale, increases the surface area,

which is one of the important mechanisms for increasing hydrophobicity [61].
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Orientation of the aliphatic groups of oleic acid towards the surface can be another possible
factor that affect the change in WCA.. In pristine zein, oleic acid using its -COOH group binds to
zein through NHo sites. In the Z-GO nanocomposites, GO has the first shot at forming covalent
bonds with NH; sites because the oleic acid is only added later. When the oleic acid (OA) is added,
since GO used up a considerable number of the NH sites, this prevents the oleic acid from binding
with zein molecule and therefore OA remains free within the zein solution. Since the films are cast
on hydrophobic PDMS coated petri dishes, the free OA molecules in the zein matrix travels to the
PDMS side and orient its aliphatic tail towards the hydrophobic PDMS. After the films are dried
and peeled from the PDMS, the WCA is measured from the side of the films that were previously
in contact with the PDMS. This explains why the Z-GO nanocomposites become more and more
hydrophobic as GO is added to zein, even though GO is a hydrophilic compound. As more GO is
added to zein, more NH; sites are occupied by forming bonds with GO, and more OA molecules
become free to travel within the zein matrix and orient its hydrophobic tail towards the surface.
Similar results were reported for Montmorillonite, a hydrophilic nanoclay, which increased the
water contact angle of methyl cellulose [62] and regenerated cellulose [63]. As the degree of
surface hydrophobicity increased, the water vapor permeability (WVP) of nanocomposite films
decreased (as will be seen in section 5.4.7). Our data indicates a relationship between contact angle

changes and water vapor barrier similar to results reported in the literature [64, 65]. As polar H,O
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molecules cannot be readily adsorbed to non-polar film surfaces or hydrophobic surfaces, a

reduction of water vapor permeability is expected.

5.4.7 Water Vapor Permeability (WVP)

Average WVP data of zein-GO nanocomposite films are summarized in Fig. 5.10. The data
show that the WVP begins to decrease with the addition of small amounts of GO to zein at levels

0f 0.1% GO. The WVP continues to decrease up to 1% GO and begins to increase at 1%GO.
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It appears that GO content has a non-linear relationship with barrier properties. The
improvement of water vapor barrier properties of Z-GO nanocomposite films may be due to the
presence of impermeable GO sheets that are distributed in the zein polymer matrix in a manner
that increases tortuosity and the effective diffusion path length. The degree of enhancement
however depends on the type of nanoparticle dispersion (intercalated, exfoliated or some
intermediate), as well as the orientation of the GO sheets in the polymer. The GO sheet orientation
can result in the highest tortuosity when they arrange themselves perpendicular to the direction of
diffusion. Any kind of deviation from such an orientation appears to result in an increase in WVP.
As we concluded from the TEM analysis (section 5.4.4), above 0.5% the GO starts to aggregate,
forming tactoids and other structures. For Z-1%GO nanocomposite films, we can see GO
aggregates forming a rolled-up structure, which deviates from the perpendicular orientation GO
sheets, favorable for increasing water vapor barrier properties. WVP results are consistent with the
WCA data (section 5.4.6), as lower contact angles at 1%GO coincide with lower water vapor

barrier properties, suggesting a more hydrophilic behavior leads to increasing WVP.

135



5.4.8 Thermogravimetric Analysis (TGA)

The effect of GO on the thermal stability of zein-GO nanocomposite films was investigated
by thermogravimetric analysis. The TGA curves as shown in Fig. 5.11 (a), display two stages of
thermal decomposition under nitrogen atmosphere. The first stage which ranges from 70 to 200 °C
and is associated with the loss of low molecular mass compounds, i.e., plasticizers and solvent.
The second stage is between 250 to 600 °C and corresponds to the breakdown of the amino acid
residues and cleavage of the peptide bonds in the protein [9]. The two stages of molecular mass
loss can be understood from the derivative thermogravimetric analysis (DTG) curves as shown in
Fig. 5.11 (b). Broad weight loss peaks are observed for Z-0%GO to Z-0.7%GO at temperatures
around 200-260 °C. For higher concentrations of GO, sharp weight loss peaks appear at
temperatures 280-320 °C. The temperature at which the polymer begins to degrade is the most
important parameter to assess the thermal stability of the polymer [9]. Our data show that, the
temperature at which 50% weight loss (Tso) occurred, increased with the GO content. The Tso for
the control zein film was 273+1 °C and the 90% decomposition temperature (Too) was 398+19 °C.
The equivalent temperatures for Zein-3%GO, were 296+2 °C (Tso), and 482+1 °© C (Too). These
results indicate that 2wt% addition of GO, increased Tso by 23°C. This shift in temperature in
nanocomposites was also in agreement with gelatin/GO nanocomposite, wheat PLA/GO
nanocomposites and cellulose/GO nanocomposites [13]. According to published work, the
enhancement of thermal stability in polymer nanocomposites is caused by the expansion of
combustion gas diffusion pathways generated from the dispersed GO layers which act as insulators
as was discussed previously [9]. The thermal property improvements are an indication for strong
interaction within the Z-GO nanocomposites. Compared to other studies in the literature [66—68]

Z-GO nanocomposites show the highest 50% decomposition temperature at a very low loading.
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Fig. 5.11. (a) Comparison of TGA Curves for zein control, Z-0.1%, 0.3%, 0.5%, 0.7%, 1%,
1.5%, 2% and Z-3% GO nanocomposites (b) DTG curves for zein-GO nanocomposites showing
decomposition rate

5.4.9 Mechanical Properties

Mechanical properties of nanocomposites are important in various biomaterial applications.
For example, nanocomposites are subjected to considerable stresses, when used in microfluidic
applications, for scaffolding materials or in food packaging. The mechanical properties of zein-
GO nanocomposites including tensile strength (TS), Young’s modulus (YM) and % elongation at
break (EAB) are summarized in Table 5.1. The stress-strain curves from the tensile tests
performed on the zein-GO nanocomposites have been shown in appendix B. The data show that
with increasing GO concentration, the tensile strength and the Young’s modulus increased, while
the elongation at break decreased. The Z-GO films had larger Young’s moduli and tensile strength
than the zein control films. The Z-3%GO nanocomposite film showed the highest Young’s
modulus at 145 MPa, which is a 300% increase compared to the zein control (35MPa). The tensile
strength increased 82% at Z-3%(GO nanocomposite film, compared to the zein control film. %EAB
decreased with increasing GO concentration in the films. The control zein films had the highest
elongation with 65%, while the Z-3%GO nanocomposite films had the lowest elongation with
5.8%. From Table 5.1, we can see there is clear indication of an increasing trend of YM and TS

with increasing %GO, however, the trend does not follow a specific order. This can be explained
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using the TEM images, which shows that at higher concentration the GO forms aggregates and
rolls up into bundles of different sizes indicating a non-uniform distribution of the GO filler. The
mechanical property trends can be further explained using the proposed covalent bonding
mechanism. When more GO is introduced in the film, the number of interactions between GO and
zein will increase. At the same time, the presence of GO hinders the interactions between zein
molecules and the oleic acid molecules. This may result in restricted polymer mobility and
formation of tighter junctions. Therefore, the flexibility of the films decreased with increasing
concentrations of GO in this study. Compared to other studies in the literature, Z-GO
nanocomposites presented here show the highest Young’s moduli at a very low loadings [8, 9, 69]

(Table S2).

Table 5.1. Comparison of Young’s Modulus, Tensile strength and % elongation at break for Z-
0%, 0.1%, 0.3%, 0.5%, 0.7%, 1%, 2% and 3% GO nanocomposite films.

YM (MPa) % 1 TS(MPa) %1 %EAB % |
Z-0%GO  35.0:1.8¢ — 1.7+0.1°° — 64.8£8.6%  —
7-0.1%GO 48.0+11.49% 37 1.840.1% 6 49.3+£82%® 24
7-0.3%GO 77.8+16.1 %% 123 2.7+04%® 59 443+21.8% 32
7Z-0.5%GO 103.0+4.8% 194 2.6£03%® 53 23.1£13.8° 64
Z-0.7%GO  94.8+1.2 b 171 2.740.1°2 59 17.246.0 ° 73
Z-1%GO  79.0+4.4%% 126 2.3£0.0% 35 35.0+12.4% 46
7-2%GO  123.7+212%® 251 2.3+0.1 % 35 14.4+11.9% 78
7-3%GO  145.9+2.8°? 317 3.140.1° 82 6.4+0.6 ° 90

* Different letters indicate statistically significant difference at p < 0.05.

5.5 Conclusion

A novel nanocomposite formation mechanism is proposed for plasticized Z-GO
nanocomposite films. FTIR, FT-Raman and DSC findings indicates strong interaction including
hydrogen and covalent bond formation. The -NH> groups in glutamine turns of zein participates in
covalent bonding with -COOH sites of GO, resulting in replacement of some of the OA molecules

bound to zein. This results in free OA in the matrix and tighter junction forming between zein
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molecules, which is later reflected through 300% increase in Young’s modulus and 80% increase
in tensile strength and 90% decrease in %elongation at break, as well as through the 10° increase
in hydrophobicity of zein nanocomposites influenced by the freely roaming hydrophobic OA
molecules. TEM, AFM images show that GO has been dispersed uniformly throughout the zein
matrix. Our study demonstrates how the physical, mechanical and surface properties of zein films
can be modified with nanocomposite formation with GO. Such advancements in the properties of
zein films are significantly fundamental since the industrial uses of zein are extremely constrained
because of the shortcomings of unmodified zein products. Outcome of this research will increase
understanding of zein and benefit the application of zein-GO nanocomposite for packaging
materials, sensor platforms and microfluidic device platforms that can compete with the

performance standards offered by synthetic polymers.
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6.1 Abstract

This research focused on the fabrication of an electrochemical sensor capable of detecting
the protein ‘gliadin’, which is responsible for the allergic reaction with people having celiac
disease. The fabrication process involves the replacement of toxic synthetic chemicals that are
used for anchoring of the capture antibody in the working electrode, by the natural polymer zein
coupled with several nanoparticles including, carbon nanotubes, graphene oxide and Laponite®.
Novel biodegradable coatings made from zein nanocomposites: zein-graphene oxide (Z-GO), zein-
Laponite® (Z-LAP) and zein-multiwalled carbon nanotubes (Z-CNT) using drop casting
nanocomposite technique were tested for fabricating the electrochemical sensors using cyclic
voltammetry (CV), square wave voltammetry (SWV) and electrochemical impedance
spectroscopy (EIS). Pristine zein coated electrode did not generate any oxidation/reduction peaks
in the cyclic voltammograms and showed high degree of impedance in the EIS curves. While
addition of the three nanoparticles (MWCNT, LAP, GO) considerably improved the electrical
signal, Z-CNT gave highest and strongest signals compared to other nanomaterials. The active tip
of the electrochemical sensor was functionalized through a sequence of layer by layer deposition
of Z-CNT nanocomposite, and other linker molecules, where Z-CNT acts as a natural linker
molecule with large number of functional groups, that offers immobilization of capture antibody
and target, and ensures high performance. Both CV curves and SWV curves indicated successful
sequential immobilization of gliadin antibody onto the Z-CNT coated electrode. The Z-CNT

biosensor was successfully able to give CV signals for gliadin toxins for as low as 0.5 ppm, and
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was highly specific for gliadin, when tested against other food toxins like acrylamide, and

formamide and remained stable over a 30-day period.
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6.2 Introduction

The environmental limitation of many biosensors caused by fabrication using potent toxic
chemicals such as 22-(3,5-bis((6-mercaptohexyl)oxy)phenyl)-3,6,9,12,15,18,21-
heptaoxadocosanoic acid and 1,2-dithiolane-3-pentanoic acid (thioctic acid) [1] as anchoring
platform to capture antibodies has created the motivation to look for natural materials to partly or
completely replace these toxic chemicals without losing much sensitivity in detection of analytes.

To this end, biosensors have been fabricated from different natural/biodegradable materials like a
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natural rubber (ecoflex™ ), hard gelatin capsules [2], silk fibroin mats [3], cellulose paper [4]
using FET, corn zein [5] using SERS and EIS with gold nanoparticles and silk [6] etc.

Zein is a prolamin of corn, that constitutes 50% protein in corn. It is insoluble in water, but
soluble in other solvents like 70% ethanol or acetic acid. One of the earliest and most well-known
model by Argos et al. 1982, proposed that zein constitutes of rod-like structures formed by a-helices
that are connected by glutamine turns [7]. However, as zein is a biological material that can be extracted
using different methods using different varieties of corn, there are wide variations in the tertiary and
secondary structure analysis results [7]. Zein has GRAS (generally regarded as safe) status from the
FDA and due to its biodegradability and amphiphilic film forming capability, it is a highly demanded
polymer for production of biodegradable packaging, scaffolds in tissue engineering, fabrication of drug
carrier nanoparticles and formation of eco-friendly biosensor platforms [7,8]. Zein, has been shown to
be an excellent reagent delivery platform for biosensors and biokits based on alkaline phosphatase
(ALP) activity/inhibition [9]. Zein has also proven to be an excellent biodegradable and low-cost
material for capturing, stabilizing, and delivering reagents in various formats and matrices, thus resulting
in different optical sensor applications [10]. Poly(ethyleneimine) crosslinked electrospun zein ultrafine
fibers containing gold nanoparticles provided a substrate for use in cyclic voltammetry (CV) and square
wave voltammetry (SWV) for highly sensitive detection of the plant metabolite catechol which is a
carcinogen for animals [11]. Zein microspheres have also been combined with carbon black to anchor
hemoglobin and fabricate an electroactive film that uses differential pulse voltammetry to detect
hydrogen peroxide [12]. The high performance of the carbon black containing zein based biosensor is
attributed to the large surface area of the porous zein microsphere film which effectively anchored
hemoglobin [12]. However, this excellent study did not explore the conductive properties of zein
films vs. zein microsphere films, in addition, influence of other carbon-based nanoparticle, and
stability of the fabricated zein sensor was not reported, which are vital for sensor feasibility study.
The COOH and NHj3 functional groups in zein, makes it a viable candidate for immobilizing bio
recognition elements in electrochemical biosensors. These applications show the potential that zein
offers as a platform for immobilization and delivery of bio-recognition elements.

Electrochemical biosensors offer the advantages of being inexpensive, user-friendly, rapid
and most importantly they can be used in situ (with available portable versions) allowing rapid
assay turnaround time in labeled or label free formats. This can potentially facilitate accurate and

fast measurement of gliadin in wheat containing products (bread, cookies, bagels etc.), at levels
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that can cause the allergic response in people suffering from celiac disease [13], leading to a large
number of complications, such as growth retardation in children, decreasing bone mineral density
in patients with osteoporosis, and miscarriage and infertility in women [1].  Unfortunately,
avoidance of the allergen the only method of treatment for this disease. Over 3 million people
suffer from celiac disease in the United States (U.S.) [14]. In 2013, the FDA released a definition
of “gluten-free” as a food or beverage product that does not contain more than 20 ppm of gluten
from cross contamination [15]. Enzyme linked immunosorbent assay (ELISA), is the official
method for gluten detection and uses antibodies to capture the desired gluten analyte and detects
the gluten concentration by a color change [16]. This method is time consuming and requires
highly trained personnel. Gluten is therefore of interest as an analytical target for new biosensors
that can detect it rapidly and with high sensitivity and specificity.

Researchers have recently attempted to find alternatives to ELISA method for determining
the presence of gliadin in food materials. Nassef et al. 2008 [1] fabricated an immunosensor for
gliadin comparing two different anchoring molecules. However, both the anchoring molecules are
toxic and the self-assembled monolayer formation for both were time consuming (100 hours and
3 hours). In addition to that, the research does not investigate any stability or specificity tests with
other food toxins or proteins. Portable gliadin immunochip was fabricated by Chiriaco et al. 2015
[17], using a microfluidic assembly for delivering solutions to the sensing areas functionalized
with anti-gliadin antibodies. By using the electrochemical impedance spectroscopy (EIS) method,
the researchers were successful in detecting gliadin from food sample, but their investigation did
not explore biological capture molecules or did not test the stability of the sensor over time. Laube
et al. 2011 [18], studied the development of an electrochemical magneto immunosensor through
immobilization of gliadin on tosyl activated magnetic beads, using horse radish peroxidase (HRP)
as enzymatic label, followed by subsequent capture of the magnetic beads onto graphite-epoxy
composite magneto electrodes for electrochemical detection. Although the researchers were able
to detect gliadin, these types of sensors can be complex, time consuming and costly.

Zein is a low-cost by-product of ethanol production, and zein-carbon-based
nanocomposites have a large number of functional groups including COOH and NH3 to
successfully capture and anchor antibodies and aptamers, and can replace overcomplicated
capturing methods and toxic immobilization chemicals that are currently being used in many

biosensor applications. Therefore, the objective of this study was to demonstrate the feasibility of
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using a zein based carbon nanotube containing electrochemical sensor to detect gliadin content at
the sensitive level to meet FDA requirements. Zein has been utilized as an immobilization substrate
that also enables the dispersion of highly conductive nanoparticles such as carbon nanotubes that
can amplify the electrochemical signals for the sensitive detection of gliadin. This fabricated
sensor may offer a suitable alternative to other sensors containing highly toxic chemicals as linker

molecules.

6.3 Experimental Details
6.3.1 Materials

Zein, 11-mercaptoundecanoic acid (11-MUA), N-Hydroxysuccinimide (NHS) 98%, 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 98%, multiwalled carbon nanotubes
(MWCNT) and Anti-gliadin (wheat) antibody, gliadin protein were purchased from Sigma-
Aldrich (St. Louis, MO). Graphite flakes, potassium permanganate (KMnOs), 96% sulfuric acid
(H2S04), phosphoric acid (H3POs), 30% hydrogen peroxide (H>O2) and 70% Ethanol (140 proof
(70%), Decon™ Labs) were purchased from Fisher Scientific. LAPONITE® RD clay was kindly
donated by Byk Additives Ltd. (Cheshire, U.K.)[19]. StartingBlock™ T20 (PBS) Blocking Buffer
was purchased form ThermoFisher Scientific (Waltham, MA).

6.3.2 Zein-nanocomposite Solution Preparation

First, Zein-nanocomposites with GO, LAP and CNTs were prepared to analyze their
spectroscopic, microscopic and electrochemical performance. Graphene oxide was prepared using
Tour’s method [20]. The zein nanocomposite preparation method has been adapted from Xu et al.
2009 [21]. An aliquot of 50mg LAP, or 50mg GO or 50mg CNT was added to 50mL 70% ethanol,
sonicated for 30 minutes and heated to 65°C. Then Iml of 15 wt% zein in 70% ethanol solution
was added to the nanocomposite solutions and stirred vigorously for 1 hour which caused it to
completely dissolve into each solution. Each formulation was sonicated for 5 minutes to ensure
complete dispersion and degassing. A glassy carbon electrode (GCE) used as the working
electrode, was first polished with 0.3 and 0.05 um alumina slurry on emery paper (# 1200), and
then cleaned under sonication bath for 1 min and finally thoroughly rinsed with distilled water [22]

( Step #1 in Fig. 6.1) . A drop casting technique was used to coat the electrode with the zein
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solution containing LAP, GO and CNTs (Step #2 in Fig. 6.1). The thickness of the zein
nanocomposite layer is important to the flow of electrical current so this layer was kept as thin as
possible by depositing a 10 microliter drop on the surface of the electrode. This volume was the
result of an optimization procedure testing 2, 3, 4, 5,10 and 15 microliter deposition, as shown in
Figure S2. After dropping 10uL zein-LAP or zein-GO or zein-CNT solution on the top surface of

the electrode it was dried for 30 minutes to obtain a film.

6.3.3 Preparation of Zein-Based Biosensor Assembly

The zein/CNT coated electrochemical sensor assembly was used to detect different
concentrations of gliadin because in the first phase of experiments it was shown to have a superior
electrochemical performance. The experiments to demonstrate its performance will be discussed
in detail in the Results and Discussion section below. The gliadin was detected through an
immunoassay using an antigliadin antibody previously tested for its specificity in our laboratory
[23]. Gliadin antibodies (ANT) were bound to the surface of the zein nanocomposite sensors using
the method described in Gezer et al. (2016a), with some modifications. First, Z-CNT coated
electrodes were immersed in a 100 pL droplet of 2 M 11-MUA solution inside a centrifuge tube
(Step #3 in Fig. 6.1) and incubated for 16 hours at 4°C constant temperature in a refrigerator.
Afterwards, the electrode was washed with 200 proof ethanol and immersed in a 100 pl droplet of
a 1:1 solution of 0.4 M EDC and 0.1 M NHS and incubated for 45 min (Step #4 in Figure 1). The
electrode was then washed with DI water, followed by immersion into a 30ul droplet of 5 pg/ml
anti-gliadin solution for 30 minutes (step #5 in Fig. 6.1). This allowed the sensor surface to bind
to the anti-gliadin protein before being washed with DI water to remove the excess unbound anti-
gliadin protein. The residual -COOH groups were blocked with 10% PBS-Tween 20 (St. Louis,
MO, USA) for 30 minutes. The target gliadin solution was prepared by adding 50 mg gliadin from
wheat with 1 ml of 55% (v/v) ethanol and mixing for 2 hours at room temperature. After
centrifuging the suspensions at 10000 X g for 5 min; the supernatants were collected and diluted
with 10% PBS-Tween 20 to prepare 0.5, 1, 5, 10, 20, 50 and 100 ppm gliadin solution (Freedman
et al., 1987). The Z-CNT electrode that had been functionalized with antibody was washed with
DI water and placed in solutions of 0.5, 1, 5, 10, 20, 50 and 100 ppm gliadin for 30 minutes and
washed with DI water and the electrodes were then used as a working electrode in the

electrochemical cell connected to the potentiostat (step #6 in Fig. 6.1).
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6.3.4 Fourier Transform Infrared Spectroscopy (FTIR)

Thermo-Nicolet Nexus 470 FTIR Spectrometer (Thermo scientific) was used to collect the
ATR-FTIR spectra of zein, zein-GO, zein-LAP, zein-CNT, Gliadin, multiwalled CNT, with 64
scans, at 4 cm—1 resolution and wavenumber range of 4000- 800 cm—1. Other aspects of this

technique has been described previously [20].

6.3.5 Transmission Electron Microscopy (TEM)

The LAP, GO, CNT, Z-LAP, Z-GO and Z-CNT samples were visualized using TEM. A
Tecnai T20 TEM (FEI Company) with an acceleration voltage of 200 kV was used. Nanoparticle
samples were prepared by dispersing the nanoparticles in 70% ethanol, sonicating for 5 min and
then placing the dispersion on holey carbon TEM grids. TEM samples of Z-LAP, Z-CNT and Z—

GO nanocomposites were prepared following a procedure published previously [8].

6.3.6 Electrochemical Characterization

Specificity tests were performed by testing the CV signals from gliadin 50 ppm,
lactalbumin 50ppm, ovalbumin 50 ppm, acrylamide 50 ppm, formamide 50 ppm. The steps of Z-
CNT deposition, linker molecule attachment and antibody immobilization were the same for all

targets and has been described in section 2.3.

6.3.7 Electrochemical Characterization

Cyclic voltammetry (CV), square wave voltammetry (SWV) and electrochemical impedance
spectroscopy (EIS) was performed in 5 mM Ka[Fe(CN)s]* /K3[Fe(CN)s]*~ electrolyte using a
Biologic potentiostat (SP-150, Bio-Logic SAS, France). For electrochemical analysis, a three-
electrode electrochemical cell was prepared, where the as-fabricated biosensor electrode was used
as the working electrode, a Pt wire counter electrode, and an Ag/AgCl reference electrode. The
cyclic voltammetry scans were recorded at 100mVs-1 scan rate, [12], in the potential range of —0.4
-0.6 V vs. Ag/AgCl (3.0 M KCI). Testing with different scan rates of 25, 50 and 100 mVs™' , the
100 mVs-1 scan rate gave the best signal as shown in Figure S1. Also 100 mVs™ was used in
previous zein electrochemical studies [12]. There was obvious voltammetric signal observed at
bare GCE electrode in the potential of —0.4 - 0.6 V vs. Ag/AgCl (3.0 M KCIl), which proved

electron transfer on the electrode. Impedance spectra were recorded in the frequency range of 100
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mHz to 300 kHz, with 10 mV amplitude at open circuit voltage (OCV). The square wave
voltammetry, (SWV) measurements were recorded at a pulse amplitude of 35 mV and scan
increment of -0.5-1.0 mV. Using the impedance data, the charge-transfer resistance (RCT-layer)
of zein, zein-GO, zein-LAP, Z-CNT were analyzed using the Randles’ model [24]. For Nyquist
plots analysis, a Randles’ modified equivalent circuit [Rs(CPE[RctZW])] was used, where, Rct is
the charge transfer resistance, ZW is the Warburg impedance, CPE is a constant phase element

and Rs is the solution resistance [12].

6.3.8 Specificity Test

Specificity tests were performed by testing the CV signals from gliadin 50 ppm, lactalbumin
50ppm, ovalbumin 50 ppm, acrylamide 50 ppm, formamide 50 ppm. The steps of Z-CNT
deposition, linker molecule attachment and antibody immobilization were the same for all targets

and has been described in section 2.3.

6.3.9 Stability Test

The stability and reproducibility of the sensor were tested, by testing CV current response
of the bare glassy carbon electrodes, Z-CNT-Antibody modified electrode with no target and Z-
CNT-Antibody modified electrode with 5 ppm gliadin over a period of four weeks. The
electrochemical signals generated each week were compared to check reproducibility and stability

of the sensor.

6.3.10 Statistical Analysis

For each of the zein nanocomposites, each of the different concentrations of targets, the
experiments were repeated three times. Minitab 18 (one-way ANOVA) was used to statistically
analyze and compare the data with 95% confidence level. Tukey’s comparison tests were applied
(p <0.05), and the letter system was used throughout the paper to show significant difference such

that different letters indicate significant difference between the adjacent values.
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6.4 Results and Discussions
6.4.1 FTIR of Zein Nanocomposites

In order to estimate the electrochemical performance of the modified electrodes, CV was
used as a method to detect the intensity of redox. Fig. 6.2 shows cyclic voltammograms of bare
glassy carbon electrode (GCE) modified electrode in 0.1 M acetate buffer solution (pH 5.0) at a
scan rate of 100 mV/s. There was obvious voltammetric signal observed at bare GCE electrode in
the potential of —0.4 — 0.6 V vs. Ag/AgCl (3.0 M KClI) (blue curve), which proved electron transfer
on the electrode. Then when zein coated GCE was tested it failed to show any sign of electron
transfer, as there were no redox peaks visible. Once zein was modified using LAP/GO we can see
the redox peaks once again in the CV graphs. The Z/LAP modified electrode had the highest signal
compared to the I-b-1 Z/LAP or Z-GO modified electrode. This means that the oxygen functional
groups available in the GO prevents good flow of electron, and the LAP coating on the zein did
not adhere properly causing electrochemical characterization causing poor signal.

In FTIR the rise of new peaks or shift in existing peaks give useful information about
formation of new physicochemical bonds which helps with the mechanistic understanding of the
material chemistry. FTIR was performed on zein in ethanol, zein-CNT, zein-LAP, zein-GO and
gliadin to understand the underlying chemistry of the different combinations of zein with different
nanoparticles, as well as compare the peaks of zein which is a corn protein and used as an
anchoring molecule in this study, with the peaks of gliadin which is a protein from gluten, used as
the target molecule in this study. Fig. 6.2 shows FTIR spectra of pristine gliadin, zein solutions in
70% ethanol, zein-Laponite®, zein-GO in 70%ethanol, zein-CNT and pristine multiwalled CNT.
For pristine gliadin, the wide peak at 3400 cm-1 represents the -NH functional groups found in
proteins. The —CH3 and —CH2 alkyl aliphatic side chains of the R groups of the amino acids of
protein gave rise to the low intensity peak at 2850cm™. The Amide I peak at 1639 cm-1 is attributed
to C=0 and C=C stretching, and Amide II peak at 1450 cm-1 is attributed to -CN, -NH stretching.

In comparison to pristine gliadin powder, the FTIR spectra of zein in 70% ethanol, zein-LAP
in 70% ethanol, zein-GO in 70%ethanol solutions had new peaks at 1098 cm™! which resulted from
the out of phase C-C-O stretch and two peaks between 900-800 cm™! were attributed to the in phase
C-C-O stretch of primary and tertiary alcohols [25]. From Fig. 6.2 (a) it is clearly visible that

gliadin and zein has identical peaks at similar positions, and because of this, spectroscopic
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techniques like FTIR, Raman, UV-Vis will be unable to detect the presence of gliadin on a zein
substrate sensor.

From Fig. 6.2 (b) we can see that CNT has peaks at 1640 cm ™! due to vibrations of carbonyl
(C=0, C-C) groups and 2887 cm ! due to the stretching vibration of C—H bonds [26]. Peaks at
1640 cm™! can be attributed to C=C, vibrations. As a result, the Z-CNT composite seems to only

exhibit the prominent -NH peak and amide II peak coming from the zein protein.
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Fig. 6.2. FTIR spectra of (a) pristine gliadin, zein in 70% ethanol, zein-Laponite® in 70%
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colored images please refer to the online version of the article.
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6.4.2 TEM of Zein Nanocomposites

TEM images shown in Fig. 6.3 (a-b), shows the MWCNTs have a fiber like structure.
Larger magnification of the nanotubes show that multiple nanotubes are concentrically formed, as
evidenced by the multiple parallel lines at the edges of the nanotubes, as well as the multiple inner
circles at the ends of the tubes. The MWCNTs seemed to have on an average 6-8 tube walls, which
agrees with the manufacturer specification. The manufacturer's description of MWCNT as having
10 nm x 4.5 nm average outer diameter X inner diameter was slightly less than the experimental
values obtained 15 nm x 6.0 nm. When zein is added to the MWCNTs, they tend to create some
aggregation, as seen from figure Fig. 6.3 (c-d), but the parallel lines of the nanotubes can still be

visible within the aggregations as indicated with red circles.
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(b)

(d)

Fig. 6.3. TEM images of (a-b) Prisitne MWCNTs, (c-d) Z-CNT nanocomposites.

Fig. 6.4 (a) shows TEM images of GO prepared with a wrinkled morphology. Previous
studies have also reported the appearance of large number of wrinkles in GO sheets [27].
Translucency of the GO sheets enable observation of stacked layers. Single or few layers of GO
are indicated by the light-colored wrinkles, consistent with previous reports [28]. This usually
means there is good degree of exfoliation of GO sheets, which is helpful in achieving efficient
biopolymer/nanoparticle interactions [27] between Z and GO, enabling larger degree of
conductivity through formation of networks. In Fig. 6.4 (b), larger degree of wrinkled sheets with

darker shades are more prevalent for Z-GO nanocomposites, suggesting that the higher the ratio
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of GO sheets, the greater the likelihood of aggregate formation. Similar results were also found in
our previous work [20]. In Fig. 6.4 (c), we can see the individual fully exfoliated LAP
nanoparticles, which are white streaks with an average 1 nm diameter and 20-30 nm length. The
LAP nanoparticles appear to be oriented in a way that gives the appearance of ‘house of cards’.
For Z-LAP nanocomposite in Fig. 6.4 (d), Laponite® nanoparticles appears to be in parallel
alignment within small aggregates or domains, as evident from the dark streaks. Due to the
presence of zein and a high Laponite® concentrations, the ‘house of cards structure’ is no longer

feasible and more intercalation is visible [8].

(b)

(d)

Fig. 6.4. TEM images of (a) GO sheets prepared in the laboratory, (b) Zein-GO nanocomposites,
(c) Pristine LAP nanoparticles (d) Zein-LAP nanocomposite.
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6.4.3 Electrochemical Characterization of Zein Nanocomposites

Electrochemical performance of the zein nanocomposite functionalized electrodes were
estimated by applying CV as a method to detect the intensity of redox peaks. Fig. 6.5 (a) shows
cyclic voltammograms of bare glassy carbon electrode (GCE) in K3[Fe(CN)6] at a scan rate of
100 mVs-1. Zein coated GCE failed to show any sign of electron transfer, as there were no redox
peaks visible. Once zein was modified using LAP/GO we can see the redox peaks once again in
the CV graphs. The Z-GO modified electrode had higher signal compared to the Z-LAP modified
electrode. But the highest signal was collected from Z-CNT coatings, which means that the oxygen
functional groups available in the GO and Laponite® prevents good flow of electron, causing poor
signal. The concentration of the nanoparticles GO, LAP, CNT were varied to optimize the
electrochemical signal. The concentration of the nanoparticles was varied by 1%, 5% and 10% to
determine which concentration would give higher signal without blocking the electrode and
reducing the electrochemical signal. The upper limit concentration of nanoparticle loading was
maintained at 10% to minimize nanoparticle usage while optimizing signal strength. Z-CNT had
much stronger signal for CV response, compared to the Z-LAP and Z-GO which can be clearly
seen from Fig. 6.5 (b).

The Z-LAP, Z-GO and Z-CNT were further investigated using EIS technique as shown inFig.
6.5 (c). The Z-CNT had the highest redox signals in CV graph (Fig. 6.5 (a)) and the lowest
resistance in EIS curves. The charge transfer resistance Rct was calculated using the Z fitting
method, which gave the value for bare GCE (500Q2), zein (36kQ), zein-Laponite® (16k(2), Zein-
GO (11kQ), Zein-CNT (94 Q). Based on these findings, Z-CNT was selected as the matrix for

antibody binding in the gliadin electrochemical sensor.
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Fig. 6.5. (a) Cyclic voltammograms (CV) curves for bare electrode, zein, zein —LAP, Zein-GO,
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For colored images please refer to the online version of the article.
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6.4.4 Understanding the Sequential Immobilization of Biocomponents

To understand the electrochemical response of each of the immobilization steps, square
wave voltammetry and cyclic voltammetry was applied in each of the sequential immobilization
steps to understand the underlying chemistry as shown in Fig. 6.6. To obtain good repeatability
and high sensitivity in measurement, it is imperative to identify proper linker compounds that are
durable, can be easily prepared, and that form a strong linkage between the Z-CNT layer and the
antibody, that maintains appropriate bond length for allowing high density packing of antibody at
the biosensor surface. Although EDC has been known to provide a suitable linker compound for
3-mercaptopropionic acid (MPA), it is not very stable, and this may account for the poor
performance of previous SAM piezo immunosensors [29]. Because the co-addition of NHS and
EDC has proven to enhance the strength of the linker compounds, [30,31] and the successful use
of 11-mercaptoundecanoic acid in our previous works [32], we have selected these materials and
adopted the procedure in our current study. Fig. 6.6 shows the schematic diagram depicting the
stepwise procedures for the anchoring of antibodies onto the carboxylate-terminated Z-CNT on
GCE electrodes. The method continued by means of a stepwise development and substitution of
terminal EDC and NHS in succession to form the NHS ester preceding its substitution by the side-
chain lysine residues of the gliadin antibody to shape the gliadin electrochemical sensor, after the

blocking of nonspecific interaction by PBS-T20 [30].
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Fig. 6.6. Sequential immobilization of the antibody antibodies onto the carboxylate-terminated
Z-CNT. Step 1: Bare electrode (GCE) with no functional group or binding ability, Step 2:
Functionalization through deposition of Z-CNT, Step 3: -SH bond formation between zein and
11-MUA, Step 4: NHS ester formation due to addition of EDC:NHS, Step 5: substitution of NHS
ester through lysine residue from gliadin antibody, Step 6: Capturing gliadin with gliadin
antibody. For colored images please refer to the online version of the article.

Fig. 6.7 (a) shows the CV response of each step during immobilization of linker molecules
MUA, EDC, NHS and antibody. First, we can see addition of Z-CNT on bare electrodes increases
the current signal, which means presence of highly conductive CNT improves the current flow
resulting in the higher current signal. On the other hand, the addition of zein with its large number
of functional groups increases the possibility of binding. After the 16hour MUA treatment the
signal goes down, meaning MUA interacts with Z-CNT which blocks the electron flow from CNT
and reduces the current signal. Further addition of NHS/EDC and antigliadin antibody, results in
even further lowering of the signal. Fig. 6.7 (b) shows SWV response of sequential immobilization
of biorecognition elements on the bare electrode designated for antibody immobilization and 5

ppm gliadin detection.
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Fig. 6.7. (a) CV response of sequential immobilization of biorecognition elements on the bare
electrode designated for antibody immobilization and 5 ppm gliadin detection, in 5 mM
Ka[Fe(CN)s]* /K3[Fe(CN)s]*~ at 100 mVs'. (b) SWV response of sequential immobilization of
biorecognition elements on the bare electrode designated for antibody immobilization and 5 ppm
gliadin detection. For colored images please refer to the online version of the article.
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6.4.5 Analytical Performance

The electrochemical reduction behavior resulting for the capturing of gliadin by antibody
immobilized by zein was explored using CV techniques. Upon incubation in 20 ppm gliadin, the
cyclic voltammogram of the Z-CNT-ANT/GCE changed dramatically with an increase of
reduction peak current and a decrease of oxidation peak current in Fig. 6.8 (a) So, the
electrochemical response could be used as an efficient biosensor for detection of gliadin. In order
to determine the significance of zein as a binding matrix of CNT, only CNT functionalized glassy
carbon electrode with antibody and 20 ppm gliadin have also been tested. Fig. 6.8 (a) shows that
electrodes coated with Z-CNT-ANT showed a decrease in oxidation peak once 20ppm gliadin was
added. This indicated that zein had successfully immobilized gliadin antibody and the gliadin
antibody had captured gliadin analyte, causing the decrease in oxidation peak. On the other hand,
the electrode only functionalized with CNT-ANT, showed an increase in oxidation peak once the
20 ppm gliadin was added. This is the opposite of what is expected and indicates that in the absence
of zein, CNT fails to adhere the antibody to the electrode which subsequently results in the opposite
trend in electrochemical response. Fig. 6.8 (b) and (c) shows the CV response of Z-CNT in the
presence of 0, 0.5, 1, 5, 10, 20, 50 and 100 ppm gliadin. In figure 8(b), we can see clear redox
peaks for all the Z-CNT electrodes with 0, 0.5, 1, 5, 10, 20, 50 and 100 ppm gliadin. All the peaks
are highly discernible and easily detectable, meaning the fabricated electrochemical sensor can
detect the presence of gliadin with as low as 0.5 ppm. As 20 ppm loading is the FDA recommended
value for gluten free food, the as fabricated sensor clearly detects gliadin at an acceptable
concentration. Fig. 6.8 (c) shows current signal difference between antibody loaded Z-CNT
functionalized electrode (gliadin 0 ppm) and 0.5, 1, 5, 10, 20, 50 and 100 ppm gliadin. It can be
known from the linear range of this biosensor to gliadin concentration was between 5 and 100 ppm,
which can be described by a linear regression equation of I (mA) = 0.0138C+0.013 (ppm) (R2 =
0.953). The limit of detection of as fabricated sensor was determined to be 0.5ppm, which is well
below the FDA requirement for gluten free food.

A recent study discussing gliadin ELISA sensors have shown to detect gliadin within the
range of 5.42 — 1.72 ppm [33], another study using competitive ELISA showed limit of detection
of 1.36 mg prolamin/kg food [34]. The shortcoming of ELISA is that it is time consuming and
requires highly trained personnel. A study discussing gliadin immune chip has reached a limit of

detection of 1.5 ppm [17], which is higher than the LOD in current study. Pinto et al. has been
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able to detect gliadin with an apta-PCR with the limit of detection of 0.1 ppm [35], which is lower
than current study, however, one of the major drawbacks of PCR technique is the complexation of
the process and the high cost of the equipment. Nassef et al. tested two different types of anchoring
molecules: 22-(3,5-bis((6-mercaptohexyl)oxy)phenyl)-3,6,9,12,15,18,21-heptaoxadocosanoic
acid (labeled as 1) and 1,2-dithiolane-3-pentanoic acid (thioctic acid), ( labeled as 2), to fabricate
an electrochemical sensor for gliadin. The anchoring molecule 1 took 100 hours to generate self-
assembled monolayer, and anchoring molecule 2 took 3 hours. Using the ‘2’ anchoring molecule
they were able to fabricate a gliadin immunosensor with LOD of 0.01 ppm. In stark contrast, the
anchoring molecule in this study, the Z-CNT nanocomposite are more cost effective, less
complicated and it only takes 30 minutes to fabricate, while staying well below the FDA required

gluten free standard 20 ppm (LOD 0.5 ppm).
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Fig. 6.8. (a) Cyclic voltammograms curves for bare electrode, Z-CNT-ANT with 0 ppm, 20 ppm
and CNT-ANT with 0 ppm and 20 ppm (b) Z-CNT-ANT with 0, 5, 10, 20, 50 and 100 ppm
gliadin 5 mM K4[Fe(CN)s]* /K3[Fe(CN)g]*~ at 100 mVs™. (c) Current signal difference between
antibody loaded Z-CNT functionalized electrode (gliadin O ppm) and 0, 0.5, 1, 5, 10, 20, 50 and
100 ppm gliadin. For colored images please refer to the online version of the article.
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(a)

6.4.6 Specificity Test

In Fig. 6.9 (a) selectivity test, comparison between Z-CNT coated electrode with no target,
shows no difference in signal after addition of lactalbumin 50ppm, ovalbumin 50 ppm, acrylamide
50 ppm, formamide 50 ppm. However, when gliadin 50ppm is added the signal goes down,
meaning the antibody has attached itself with the gliadin 50ppm which blocks some of the signal.
When the oxidation peaks are compared for all the targets in Fig. 6.9 (b), very low CV signals can
be seen for lactalbumin, ovalbumin, acrylamide and formamide, but these are negligible compared
to the signal intensity from gliadin. This proves that the fabricated sensor is highly selective

towards gliadin, even in the presence of large concentrations of interfering molecules.
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Fig. 6.9. (a) CV voltammograms comparison shows selectivity of the Z-CNT sensor, with
lactalbumin 50ppm, ovalbumin 50ppm, acrylamide 50ppm, formamide 50ppm, and gliadin 50
ppm, in 5 mM Ka[Fe(CN)s]* /K3[Fe(CN)6]*~ at 100 mVs™ (b) Comparison of current signal
difference between antibody loaded Z-CNT functionalized electrode (gliadin 0 ppm) and
lactalbumin 50ppm, ovalbumin 50ppm, acrylamide 50ppm, formamide 50ppm, gliadin 50 ppm.
Different letters above error bars signify statistically significant differences according to Tukey’s
pairwise comparison (p < 0.05). For colored images please refer to the online version of the
article.

6.4.7 Stability Test

The stability and reproducibility of the sensor were tested, by testing the same Z-CNT
solution, linker molecule, antibody to detect 5 ppm gliadin over a period of four weeks. In Fig.

6.10, we can see the electrochemical signals generated each week and comparison of each week
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signals are reproducible and have very small differences. This proves that the sensor is
reproducible and the Z-CNT solution as well as the linker molecules and antibody is stable over a

four-week period time.
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Fig. 6.10. CV current response of the bare glassy carbon electrodes, Z-CNT-Antibody modified
electrode with no target and Z-CNT-Antibody modified electrode with 5 ppm gliadin over a
period of four weeks, tested in 5 mM Ka[Fe(CN)s]* /Ks[Fe(CN)s]* at 100 mVs™! . Different

letters above error bars signify statistically significant differences according to Tukey’s pairwise

comparison (p < 0.05). For colored images please refer to the online version of the article.

6.5 Conclusions

The objective of this study was to assemble a novel gliadin biosensor based on natural
polymer composite nanomaterials. Novel biodegradable coatings made from zein using three
different nanoparticles, graphene oxide, Laponite® and multiwalled carbon nanotubes using drop
casting technique were tested for fabricating electrochemical sensors using cyclic voltammetry. It
is critical that a protein from sustainable sources (zein) combined with a low level of carbon
nanomaterial acts as framework for immobilization of biomolecules. Both cyclic voltammogram
curves and square wave voltammogram curves indicated successful sequential immobilization of
the biorecognition elements onto the Z-CNT coated electrode. Comparison of the CV and EIS

curves indicated that Z-CNT gave higher and stronger signals compared to other nanomaterials
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like graphene oxide and Laponite®. The Z-CNT biosensor was successfully able to give CV signals
for gliadin toxins for as low as 0.5 ppm loading. Successful outcome of this research will lead to
the use of zein, as a biodegradable platform for immobilization of different biorecognition

elements, which can be extended to other matrices in biosensors.
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CHAPTER 7. CONCLUSIONS

Throughout the research that led to this dissertation, the potential of utilizing zein, a corn
protein, as a biodegradable packaging material and a biosensor platform was investigated. First,
both Laponite® and GO nanoparticles participated in covalent bonding with zein, during film
formation using solvent casting techniques. For Laponite®, Si-N covalent bonding formed, through
the Si-O groups of Laponite® with the -NH groups of B-sheets in zein, which was evident from
the new 1000 cm™! peak and decrease in a-helix and increase in B-sheets in the secondary structure
analysis of zein- Laponite® nanocomposites. For GO, even though FTIR, FT-Raman and DSC
indicated amidation reaction between -COOH groups of GO and -NH; groups of glutamine turns
of zein, there were some indications of hydrogen bonding due to the downward shift in the amide
I peak in FT-Raman, and the shift to lower temperatures of the endothermic peaks with increased
GO addition. Initially the combined effect of the hydrogen and covalent bonding between zein and
GO did improve the mechanical and thermal properties, however, the dispersive adhesion between
the GO sheets were very strong and at higher loadings of GO (above 1 wt%) started to form
significant aggregates.

For zein-Laponite® nanocomposites, Si-N covalent bonding formation significantly
improved the mechanical strength, as 10wt% loading improved the tensile strength by 150% and
Young’s modulus by 180%, and decreased the water vapor barrier properties by 40%, indicating
potential for zein nanocomposites to be extended for biodegradable packaging material as well as
various functional film research. The combined hydrogen bonding and amidation reaction between
zein and GO significantly improved the tensile properties, as only 3 wt% increased tensile strength
by 80% increase, Young’s modulus by 300%, and exhibited 20°C increase in 50% thermal
degradation temperature. However, due to the aggregate formation at 1wt% GO concentration, the
barrier properties showed a non-linear trend and started to decrease compared to the control zein
films. Hence, zein-Laponite® nanocomposites showed greater promise in packaging application
compared to Z-GO nanocomposites.

For both nanocomposite studies, the control plasticized zein film had a hydrophilic water
contact angle of 50+5°. In spite of both GO and Laponite® being hydrophilic, addition of these
nanoparticles increased surface hydrophobicity with the water contact angle of Z-5wt% Laponite

and Z-2 wt% GO being 64° and 65° respectively. This phenomenon can be attributed to a number
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of factors like the orientation of the nanoparticle within zein matrix, surface morphology, influence
of oleic acid plasticizer. There were some indications of phase separation of the plasticizer, for
zein-Laponite®, with the dark oleic acid spots in the TEM images, for Z-GO the disappearance of
the 1447 cm! peak attributed to the zein-oleic acid bonding. The phase separated oleic acid could
have traveled to the hydrophobic PDMS substrate on which zein was cast on and oriented its
hydrophobic tail towards the surface which could have influenced the slight shift in the surface
hydrophilic/hydrophobic balance. Nevertheless, the zein nanocomposite surface still remained
mostly hydrophilic. This kind of surface property makes many practical applications possible, such
as cell and tissue adhesion, microfluidic platforms, metal adhesion onto zein films to name a few.

The presence of different functional groups like -COOH, -NH», -R groups make zein an
ideal candidate for immobilization application in electrochemical sensor assembly. On the other
hand, the presence of functional groups like -OH, -COOH, -Si-O groups make Laponite® and
graphene oxide less conductive than multiwalled carbon nanotubes, which only has C-C, C=C and
C-H functional groups. Because of this, even though all three different types of zein-
nanocomposite (zein-Laponite®, zein-GO and zein-CNT) films exhibited conductive properties,
the zein-carbon nanotube functionalized films had the highest electrochemical signal. The alkyl
groups of zein formed thiol bonding with the -SH groups of 11-MUA at the initial stage of sensor
fabrication. Cyclic voltammetry proved to be a highly sensitive technique, with a potential to be
an on-field method with hand-held portable versions of potentiostats. The zein sensor platform
was successful in detection of 0.5 ppm gliadin, with a detection range of 5 ppm -100 ppm, which
is well below the FDA requirement for gluten free food (20 ppm). The fabricated biosensor was
highly selective for gliadin, even at higher concentrations of interfering analytes like formamide,
acrylamide, ovalbumin and lactalbumin. The sensor was stable for a four-week period time, which
indicated fabrication of a successful stable, selective and sensitive biosensor platform, which can

be extended to other matrices in different biosensors.
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APPENDIX A FITTING OF FTIR CURVES

Step 1. Frist the full spectra for the film is obtained using the FTIR. The full spectra obtained for

zein-0%Laponite nanocomposite film is shown below:
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Step 2. Then to do the secondary structure analysis, the amide I region for protein, 1600-1700 cm

I wavenumber is focused.
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Step 3. Then Fourier self-deconvolution is used in that portion (1700 — 1600 cm! range), using the

Omnic software.
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Step 4. The deconvoluted spectra is peak fitted using the ‘Gaussian’ peak fitting method, using the

Omnic software, which gives 5-6 peaks.
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Step 5. Using the Omnic software, the height and area of each peak is calculated. According to the
literature the peaks are assigned as a helix, B sheet, B turn, and the percentage of area under each
peak is calculated. For Z-0%Laponite film, the % area under the peaks related to a helix, B sheet,

B turn are shown below:
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Secondary

Peak # | Peak Type Center X Height Area %Area
Structure
1 Gaussian 1610.398 0.9595 8.4276 20.9933 B sheet
2 Gaussian 1626.374 0.5969 8.5426 21.2798 B sheet
3 Gaussian 1645.247 0.3689 5.8017 14.4521 a helix
4 Gaussian 1653.319 0.7331 8.0742 20.1130 a helix
5 Gaussian 1675.6 0.3066 3.0304 7.5488 B turn
6 Gaussian 1690.958 0.4603 6.2676 15.6127 B turn
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APPENDIX B STRESS-STRAIN CURVES FOR Z-GO

NANOCOMPOSITES

Stress (MPa) 7.0% GO
Z-0.1% GO
407 Z-0.3% GO
Z-1% GO
= \ Z-2% GO
7-3% GO
N |
02 Strain (%)

Fig. B-1 Stress-strain curves for zein-GO nanocomposites
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APPENDIX C

EFFECT OF THICKNESS ON SIGNAL INTENSITY

<|>/mA
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0.51

0 05
Ewe/V vs. SCE

Fig. C-1. Cyclic voltammograms for different volumes of Z-CNT deposition for
functionalization of glassy carbon electrode in in 5 mM Ka[Fe(CN)s]* /K3[Fe(CN)s]*~ at 50

and 100 mVs™.
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APPENDIX D COMPARISON OF DIFFERENT SCAN RATES IN CV
@) 01y (o ®) 015
GEE—mOmV/S 0v1
0.05
< < 0.05
€ £
;oo P o
v V'
005 0.05
0.1
-0.1 045 |
0 0 05
Ewe/V vs. SCE Ewe/V vs. SCE
(c) (d
0.04 0404,‘ .
0.02 0‘02.:
< q
E E
70 A0
v v
-0.02 -0.02-
-0.04 '”‘04;
0 05 | 0 05
Ewe/V vs. SCE Ewe/V vs, SCE

Fig. D-1. Cyclic voltammograms for (a) bare glassy carbon electrode (GCE) in 5 mM
Ka[Fe(CN)6]* /K3[Fe(CN)s]*~ at 25, 50, 100 and 150 mVs™'(b) Z-CNT functionalized electrode
in 5 mM K4[Fe(CN)6]* /K3[Fe(CN)s]*~ at 50 and 100 mVs™! (c) Z-LAP functionalized electrode

in 5 mM K4[Fe(CN)s]* /K3[Fe(CN)s]*~ at 50 and 100 mVs™! and (d) Z-GO functionalized
electrode in 5 mM Ka[Fe(CN)s]* /K3[Fe(CN)s]*~ at 50 and 100 mVs™'.
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APPENDIX E PUBLISHED ABSTRACTS

Rouf, T. B., & Kokini, J. L. (2016). Biodegradable biopolymer—graphene nanocomposites.
Journal of Materials Science, 51(22), 9915-9945.

Graphene’s invention has catalyzed many new material applications in different fields. It has
been used in combination with different biopolymers to design nanocomposites with improved
mechanical, thermal, electrical, as well as, gas and water vapor barrier properties. This review
focuses on the chemistry and synthesis of Graphene Oxide (GO) and sheds some light on the
different ecological pathways available for graphene oxide synthesis and reduction. The major
pathways for graphene incorporation into biopolymers include; 1) solution intercalation, 2) melt
intercalation and 3) in situ polymerization. The fabrication, application and mechanisms of
bonding between biodegradable biopolymers, like poly (lactic acid), cellulose, starch, chitosan,
alginates, polyamides, and other biodegradable materials, with different forms of graphene
including graphene oxide (GO), reduced graphene oxide (RGO), graphene nanoplatelets (GNP)
etc. are the focus of this review. The paper has been organized according to different methods of
incorporating graphene derivatives into biopolymers, in order to highlight the mechanisms for
chemical bonding-physical changes that biopolymers and graphene nanofillers undergo during the
method of preparation and the impact of chemical changes on end use properties. The information
has been assembled, so that new conclusions can be drawn from the available data. The mechanism
of enhancement of functional properties are evaluated using techniques including Fourier
Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Raman, Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM)
and the synergy resulting from the use of different spectroscopic techniques is discussed beyond
what the individual authors have been able to interpret often from a few techniques. Effectiveness
of solvents used, and reaction conditions have also been focused, in order to offer mechanistic
understanding for the improvement of mechanical properties. The new observations and findings
by comparing all relevant literature will help the reader to look at the whole spectrum of available

methods and materials, in addition to focusing on the original biopolymer-graphene work.

Keywords Graphene -Biopolymer - Poly (lactic Acid)- Starch - Cellulose - Chitosan - Alginate
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Rouf TB, Schmidt G, Kokini JL (2018) Zein—Laponite nanocomposites with improved
mechanical, thermal and barrier properties. J Mater Sci 1-16. https://doi.org/10.1007/s10853-018-
2061-6

Zein, a prolamine of corn, is a bio-renewable resource that can potentially offer alternatives
for petroleum-based polymers in many applications. Nanocomposite formation with 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 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®.

Keywords: Zein, Laponite®, TEM, FTIR, AFM, Water Vapor Permeability, DSC
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Rouf TB, Schmidt G, Cakmak M, Kokini JL (2019) Design and mechanistic understanding of
graphene oxide reinforced zein nanocomposites with improved mechanical, barrier and thermal

properties. J Mater Sci 54:12533—12552. https://doi.org/10.1007/s10853-019-03817-w

Graphene oxide (GO)-based zein nanocomposite films with superior mechanical, barrier and
thermal properties were fabricated by incorporating GO nanoparticles into corn protein zein (Z),
through the solvent casting process. The study offers a mechanistic understanding of the effect of
graphene oxide nanofiller on the physico-chemical properties of zein. TEM of the zein/graphene
oxide (Z-GO) nanocomposites showed uniform dispersion of GO sheets up to 1%GO loading.
Mechanisms for Z-GO nanocomposite formation through covalent and non-covalent bonding are
developed based on FTIR, FT-Raman and DSC results. At only 3% loading, the Young’s Modulus
of a nanocomposite film increased by 300% and Tensile strength increased by 80%. The increases
in mechanical property improvements are accompanied by surface roughness increases as
indicated by AFM studies. Even though GO is hydrophilic, the Z-GO nanocomposite films showed
hydrophobic tendencies. The amount and degree of exfoliation of GO as well as the relative
orientation of GO nanoparticles within the zein film all play an important role in the physical
property changes of the film. The films became less permeable with increasing amounts of GO
addition, as shown by water vapor permeability tests. GO increased thermal stability as shown by
TGA.

Keywords: Zein, GO, Packaging, TEM, FTIR, AFM, Water Vapor Permeability
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