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In this article, we report a simple method to synthesize biodegradable zein films functionalized with gold
nanoparticles (AuNPs) with significantly improved mechanical properties, as an environmentally benign
substitute to biologically hazardous polymers. Zein-coated AuNPs were synthesized using the zein
protein as a reducing agent and characterized with IR, UV, CD, {-potential, and TEM measurements. The
zein protein interaction with the negatively charged surface of AuNPs provides excellent strength to the
zein thin film. For the first time, FT-IR spectral studies suggested the strong interaction between AuNPs
and zein protein, which was further supported by the higher binding constant (K},) value. The films were
characterized for mechanical properties with spectroscopic and physical experimental investigations. The
surface morphology of AuNP-doped zein film was explored by AFM and SEM, which suggested that the
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During the last few years, the use of polyethylene has become
a major environmental threat due to its non-degradable
nature."* It has been estimated that ~8.3 billion metric tons
of plastic has been produced since its invention, out of which
40% has been used for packaging.® Owing to its non-degradable
nature, ~79% of the total amount of plastic produced remains
as waste.”” To overcome this, we need an alternative to plastics
which should be bio-degradable and economical. Scientists
have developed a number of biologically driven thin films using
cellulose, lactic acid, and starch, however, these face issues
related to tensile strength, hydrophobicity, and flexibility.**®
Thin films derived from naturally occurring zein, a predomi-
nant corn protein, can serve as a cost-effective substitute due to
its intrinsic hydrophobic nature.'® Zein is a mixture of proteins,
mainly consisting of alpha-zein, a 19 kDa protein which is
specifically rich in glutamine, proline and alanine amino
acids." The natural hydrophobicity of zein arises due to its
secondary structure where nine anti-parallel helices arranged in
a distorted cylinder which is stabilized by hydrogen bonds.*
Some major physical properties of the film like its moisture
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AuNPs prevent the buckling of zein film and increase the strength as well as flexibility of the film.

barrier property, tensile strength, flexibility, and gas perme-
ability need to be regulated in order to transform zein into an
alternative to polythene. The inherent brittleness of zein
restricts its application as a structural material.”® This can be
improved by treating it with plasticizers, such as polyols,
oligosaccharides, lipids, and fatty acids prior to casting in order
to make zein films more useful."*** Addition of plasticizers
increase the strength and flexibility of the zein films, however,
excess will make them too weak and sticky to be handled.*
Several studies have been conducted with the aim to improve
the functional properties of zein films using various physical
and chemical modification techniques.”””* Incorporation of
nanoparticles (NPs) into the thin films of zein protein can be
used as a strategy to impart the desired tensile strength and
flexibility to the films by enhancing fibrillation.**** Neverthe-
less, the mechanism for protein-NP interaction leading to
improved mechanical properties is underexplored and still is
a topic of great interest due to its wide range of applications.>***
Here, we report the synthesis and characterization of zein
protein film doped with gold-nanoparticles (AuNPs) having
enhanced mechanical properties as an alternative to the
synthetic polymer. In this regards, first, the AuNPs functional-
ized with zein protein were synthesized (vide infra) and char-
acterized.”®”” Binding constant (K,) and Fourier Transform
Infrared (FT-IR) spectral measurement suggest a strong inter-
action between the AuNPs and zein protein. These interactions
provide the ground to develop a method to prepare AuNP doped
zein film where the reaction conditions were most optimum
and economic (i.e., NTP). AFM, SEM and spectral characteriza-
tion of zein films suggested that the strong binding of AuNPs
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with zein enhances the fibrillation and therefore declines the
buckling or otherwise provides extraordinary strength to the
film. Physical parameters such as tensile strength and strain
also demonstrate explicitly that the AuNP doped zein film is an
ideal substitute for the biologically hazardous polymer. The
present study, for the first time, explains how the AuNP inter-
action with zein provides enhanced strength and strain to the
zein film.

AuNPs, doping agent for the zein thin film, was prepared by
heating an aqueous solution of HAuCl, with zein protein in the
presence of SDS (ESIL,T ES).2® The solution color changed from
yellowish to pink, indicating the conversion of tri-cationic gold
(Au®") to the AuNPs. UV-visible spectral measurement of the
above reaction showed the formation of a band at 550 nm
(Fig. 1a). Surface Plasmon Resonance (SPR) absorption band at
550 nm is a characteristic feature for AuNPs. The reaction fol-
lowed the first order rate kinetics, and the pseudo-first order
rate constant determined to be 1.25 x 107 s~ " (ESI, Fig. S1af).
To determine the best suitable temperature for uniform AuNP
formation with the highest yield, we followed the formation of
NPs by UV-visible spectral measurements as a function of
temperature (20-90 °C) and found it to be 65 °C (Fig. 1b; ESI, ES,
and Fig. S1b¥). Also, we determined the optimal zein amount
for AuNP synthesis by following the 550 nm peak in UV-visible
spectral measurements and observed to be 0.15% with
0.20 mM HAuCl, (ESI, ES, and Fig. S2t) (Scheme 1).

To gain insight into the zein coated AuNP formation and
their interaction with zein protein, which provides strength to
the zein film, circular dichroism (CD) and FT-IR spectroscopic
measurements were carried out. The CD spectra of zein
exhibited a band at 222 nm due to peptide n-m* transition,
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Fig. 1 (a) UV-visible spectral changes of zein protein (0.20%; black

line) upon addition of HAUCl; (0.20 mM, red line) in 10 mM SDS
aqueous solution at 65 °C. (b) UV-visible spectral titration monitored at
550 nm for the formation of AuNPs as a function of temperature (from
20 °C to 90 °C). (c) CD spectra of zein (blue line) and AuNPs (red line)
recorded in agueous medium at 25 °C (d) FT-IR spectra of zein (blue
line) and AuNPs (red line) recorded in KBr at 25 °C.
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characteristic of typical alpha-helical structure and the band at
208 nm represents exciton splitting of lowest peptide m-m*
transition (Fig. 1¢).>*>° The change in CD spectra of zein (red) is
attributed to the unfolding of zein or immobilization of zein on
AuNPs, reflecting the surface functionalization of the AuNPs.
The unfolding of zein in aqueous HAuCl, solution in the pres-
ence of surfactant leads to an exposure of cysteine which initiate
the reduction of Au®* to Au®.>*3 This result can be correlated to
the change in the secondary structure of zein protein when
functionalized on AuNPs.** To elaborate further, the CD
measurement of zein by varying the temperature from 20 °C to
90 °C suggested that zein denatured in the range of 65 °C to
80 °C (Fig. S3at). Interestingly, the CD spectrum of a mixture of
zein plus AuNPs (45 °C), as otherwise in case of AuNP doped
zein film, exactly matches with the CD spectrum of only zein at
80 °C (Fig. S3bt). This result suggests that the presence of Au®"/
AuNPs enhances the zein unfolding/denaturation and hence
explain the clear temperature-dependent transitions of AuNP
formation as or else shown in the UV-visible titration curve
(Fig. 1b). The FT-IR spectrum of zein exhibited a characteristic
peak at 1650 cm™*,% corresponding to an amide C=O stretch-
ing of peptide chain shifted to 1638 cm ™" in zein-AuNPs due to
the interaction of amide functional groups with Au® of AuNPs
(Fig. 1d; ESI, Fig. S47).* Disappearance of the peak at 1540 cm ™"
(N-H), suggests the removal of H' from N-H and therefore
create a negative charge on amide N-atom. The distribution of
charge on -N-C=O moiety is responsible for shifting/
decreasing of C=0 peak to 1636 cm'. This was additionally
supported from the {-potential measurement, which suggested
a negative charge on the surface of AuNPs (—35.8 mV) (ESI
Fig. S5t), which was further confirmed by gel electrophoresis
(ESI Fig. S6t1).*” Furthermore, Transmission Electron Micros-
copy (TEM) images (Fig. S7at) of AuNPs prepared by zein (0.15%
w/v) with HAuCl, (0.20 mM) showed that the particles were
mostly spherical (Fig. S7at) with an size around ~27 £ 5 nm.
TEM images of AuNPs of the same sample show clearly that the
zein adheres to the surface of AuNPs (Fig. S7bt).
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We then attempted to prepare and characterize the biode-
gradable AuNP functionalized zein-protein film. AuNP doped
zein protein film was prepared by mixing the solution of zein
(0.75 g, 7.5% w/v) in aqueous ethanol (80% v/v), glycerol (0.25 g,
2.5% w/v) as plasticizer and a freshly prepared AuNP suspension
(15% v/v, vide supra) (ESLt ES). Different experiments were
performed to evaluate various physical parameters of the AuNP
doped zein film. In this regards, first, we calculated the binding
constant (Kj) for AuNPs with zein protein to understand the
strength of the interaction between the two components. We
have calculated the K;, by the fluorescence spectroscopic
measurements as zein protein is known to show fluorescence
due to the presence of tyrosine (5.25%, major component),
rather tryptophan (0.16%, minor component).**** The binding
constant was found to be 9.22 + 1.195 x 10'° M, using Stern-
Volmer equation, suggesting the reasonably good binding of
AuNPs with zein protein (Fig. 2a; ESI, ES and Fig. S8, ESI}).***
The Hill coefficient (n) determined to be 1.028 (£0.1391), which
is due to the enhanced degree of cooperativity in binding of zein
with AuNP surface, suggesting a strong interaction between the
immobilized AuNPs' surface ligand and zein.** Interaction of
zein with AuNPs and change in the conformation of protein was
confirmed using CD.** The spectra of zein protein with or
without AuNPs are different from each other and showed two
negative peaks at about ~207-210 nm and 220 nm with a posi-
tive one around 192 nm, suggesting a typical protein with a +
B structure, in which intensity of a-helix is more than B-sheet
structure (Fig. 2b; ESI, ES, ESI{).***¢ This indicates a major
conformational change arising from the interaction of AuNPs
with zein. Also, we recorded FT-IR spectrum of zein-AuNP thin
film showing a broad peak at 1644 cm ™", an additive spectrum
of amide C=O0 stretching of zein peptide chain and the AuNP
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Fig. 2 (a) Fluorescence spectral changes of zein protein (0.25 pM;
blue line) upon addition of AuNPs (0.14 nM, red line) in 10 mM SDS
aqueous solution at 70 °C. (b) CD spectra of AuNP doped zein film
(magenta line) and zein (red line) recorded in aqueous medium at
25 °C (c) FT-IR spectra of film (magenta line) and AuNPs (red line)
recorded in KBr at 25 °C. (d) TGA graph of the AuNP doped film
recorded from room temperature to 500 °C.
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caped zein ligand [(1650 cm ' + 1638 cm ™ ')/2 = 1644 cm ™ '],
clearly indicating a very strong binding between zein and AuNP
caped zein ligand (Fig. 2c; ESI, Fig. S9t). This strong interaction
contributes to the mechanical strength of the zein-AuNP thin
film, which was further confirmed by the estimation of the
tensile strength (TS) and strain at failure (E) (ESL T ES, and
Fig. 4a and b).*”*®

The morphology of films in the presence and absence of
AuNPs were probed with the help of Optical Microscope, Atomic
Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM). Optical microscope and AFM images confirmed the
change in the morphology of these films (Fig. 3a and ESI,
Fig. S101). The RMS roughness (Sq), amplitude (4), and wave-
length (1) of the buckled zein film were determined by the
optical microscope and found to be 120.5 nm, 42 pm, 137 um
(Fig. 3b), respectively. Optical microscope and AFM images of
the AuNP doped film showed that there is almost no buckling
(Sg = 1.6 nm, Fig. 4c). However, the AFM resolution was not
enough to observe small size AuNPs (Fig. 3a); yet the clear
difference in surface morphology was observed for films with or
without AuNPs (Fig. 4c, ESI, and Fig. S11f). The internal
compressive stress causes buckling formation due to the
difference in Young's modulus at the adjacent region.*>*°
Doping of AuNPs enhances the effective modulus and decreases
critical stress, which regulates the disparities in the tensile
stress hence eliminate buckling.”* Surface topography of the
film is a key factor in controlling the extent and alignment of the
buckling. Alteration of surface topography as shown in the AFM
image induced by NPs diminishes the buckling which in turn
increase the mechanical strength as well as the smoothness of
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Fig. 3 (a) Optical microscope image of buckled zein protein film. The
average wavelength was found to be 150 pum (b) Optical microscope
image of AuNPs doped zein protein film. The addition of AuNPs alle-
viates the compressive stress and prevents buckling.
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Fig.4 (a) Tensile strength and (b) strain at failure of various films made
from different amounts of AuNPs vs. zein (15% v/v) (c) AFM image of
zein protein film doped with AuNPs. (d) SEM image of AuNPs doped
zein film showing the random distribution of NPs (yellow circles) (e)
images of the AuNP functionalized film showing the bending at
different angles.

the film surface (Fig. 4c).”* Additionally, SEM imaging was used
to determine the surface as well as the distribution of AuNPs in
the protein film. AuNPs embedded in the zein film appeared to
be bigger than their independent size determined by TEM
(Fig. 4d). This result also correlates with the shifting as well as
the broadening of the SPR band in UV-visible spectra of the film
from 550 to 560 nm (ESI, Fig. S11+).

These results are in good agreement with our observation
(vide supra) of higher tensile strength for the films incorporated
with AuNPs. Also, we have determined the thermal stability of
AuNPs functionalized zein thin film from the TG-DSC experi-
ment by following the temperature range from 27 °C to 500 °C.
TG-DSC studies showed that the film could be easily used over
a wide range of temperature (0 to 200 °C). However, the protein
starts decomposing and completely burns out close to 328 °C
(Fig. 2d). The thin film prepared from zein plus AuNPs showed
the essential physical parameters such as flexibility, tensile
strength, and strain required for a wide range of applications.
The AuNPs functionalized film showed great flexibility, the
bending at different angles suggesting high pliability, which is
essential to adopt various from without breaking (Fig. 4e). Also,
we have calculated the parameters (TS and E) by varying the
ratio of AuNPs to zein. The titration of AuNPs with zein indi-
cates the most suitable ratio for zein and AuNPs is 15% v/vto 7.5
x 1072 nM (TS = 7.5 MPa, S = 8.5 x 10 ?), respectively.
However, an increase in the amount of AuNPs to zein signifi-
cantly decreases both TS and E, suggesting that an optimum
amount of AuNPs required to improve the mechanical proper-
ties of zein films (ESI, Fig. S10t). Additionally, Young's modulus
and hardness of AuNPs doped zein films were obtained by
fitting the Derjaguin-Miiller-Toporov (DMT) model to the
section of the force-distance curve where zein and the tip are in
contact, and by measuring the adhesion forces between the tip
and the zein film.>**® Force-distance curves were obtained and
was compared with standard (polystyrene). Young's Modulus
was found to be 3.6 MPa (ESI ES and Fig. S127).

In summary, we have demonstrated the synthesis of a novel
zein thin film functionalized with AuNPs with increased
mechanical properties. The characterization of AuNPs, as well
as their interaction with zein protein, were studied using
a combination of spectroscopic and microscopic techniques.
We have also confirmed by FT-IR spectral data, for the first time,
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that the zein protein strongly binds on AuNPs' surface and also
establishes that the free zein protein has a strong affinity
towards the AuNPs. Also, physical parameters (tensile strength,
strain, and Young's modulus) supports that the AuNPs' inter-
actions provide the strength to zein film, which is further
explained by the prevention of zein film buckling by the AuNPs
interaction with zein protein. We believe that this is because of
the decrease in compressive stress due to the uniform distri-
bution of the AuNPs. We envisage that the further development
of such proteins films with cheap, readily available metal oxides
NPs will allow us to develop the materials for various industrial
applications to a large extent.
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