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ABSTRACT: Green chemistry of industrially important zein protein was explored in
aqueous phase toward the synthesis of bioconjugated gold (Au) nanoparticles (NPs),
which allowed us to simultaneously understand the unfolding behavior of zein with respect
to temperature and time. Synthesis of Au NPs was monitored with simultaneous
measurements of UV−visible absorbance due to the surface plasmon resonance (SPR) of
Au NPs that triggered the adsorption of zein on the NP surface and thus resulted in its
unfolding. Surface adsorption of zein further controlled the crystal growth of Au NPs,
which relied on the degree of unfolding and fusogenic behavior of zein due to its
predominant hydrophobic nature. The latter property induced a marked blue shift in the
SPR rarely observed in the growing NPs during the nucleation process. A greater unfolding
of zein in fact was instrumental in generating zein-coated faceted NPs that were subjected
to their hemolytic response for their possible use as drug release vehicles. Zein coating
significantly reduced the hemolysis and made bioconjugated Au NPs the best models for
biomedical applications in nanotechnology.
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■ INTRODUCTION

Zein is an alcohol soluble corn storage protein with extensive
industrial and food applications that is also widely used for
coatings of paper cups, clothing fabrics, adhesives, and binders.
It is clear, odorless, tasteless, edible, and hence used in
processed foods and pharmaceuticals. It is deficient in essential
amino acids (such as lysine and tryptophan) and hence is poor
in nutritional quality. It contains high proportions of nonpolar
amino acid residues (such as leucine, alanine, and proline),
which render it water insoluble.1,2 It is therefore one of the best
bioingredients for moisture-resistant biodegradable protein
films essential to replace environmental nonfriendly synthetic
alternatives.3−6 It possesses a highly robust structure that is
made up of nine homologous repeat units arranged in an
antiparallel distorted cylindrical form and stabilized by
hydrogen bonds.7−9 With all these versatile applications, little
is known about its aqueous phase unfolding behavior and
subsequent green chemistry. We believe a proper under-
standing about this will pave the way for its potential uses in
aqueous phase as aqueous soluble biodegradable materials.
Such materials can further find their applications in

pharmaceuticals as drug delivery vehicles and UV-active
contrast agents in biomedical diagnostics.
In order to understand the unfolding behavior of zein in

aqueous phase, it has to be in the solubilized state. It can be
made aqueous soluble in the presence of an appropriate
surfactant that interacts simultaneously with its hydrophobic as
well as hydrophilic domains.10,11 Sodium dodecylsulfate (SDS)
shows favorable interactions with zein and hence makes it
aqueous soluble. Premicelle concentration of SDS makes zein−
SDS a water-soluble complex by incorporating surfactant
hydrocarbon chains in protein hydrophobic domains, while a
much higher concentration drastically unfolds the protein and
produces a highly water-soluble complex.11 Similar interactions
are reported with nonionic surfactants and lipids.10 Funda-
mentally, it is much more complicated to understand the
unfolding behavior of zein in comparison to other well-known
water-soluble proteins such as bovine serum albumin (BSA)
and cytochrome c (Cyc,c)5,6,12 because zein possesses
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predominant hydrophobic domains that make it water
insoluble. Therefore, a proper understanding requires a
systematic dismantling of its hydrophobic domains in aqueous
phase under the effect of surfactant concentration and
temperature. However, this is not the case with BSA and
Cyc,c that become fully unfolded simply by increasing the
temperature of aqueous phase to 70 °C5,6 and also in the
absence of any surfactant.12 Thus, the best way to notice the
unfolding13 of zein in aqueous phase is to simultaneously use it
as a reducing agent to generate Au NPs without the use of any
additional stabilizing or reducing agent. A systematic unfolding
exposes the reducing amino acids like cysteine to aqueous
phase that simultaneously trigger the reduction reaction to
convert Au(III) into Au(0) and produce Au NPs in the
solution. In this way, both unfolding of zein as well as the
synthesis of Au NPs are simultaneously happening in the
aqueous phase and are complementary to each other due to the
surface adsorption of zein on growing NPs. This helps us to
understand the unfolding mechanism that can be precisely
monitored by following the characteristic absorbance of Au
NPs in the visible region due to their SPR. The higher the
unfolding, the higher is the reduction potential of a protein to
convert Au(III) into Au(0).14 Unfolding is further related to
the hydrophobicity and concentration of the surfactant.15−17

Greater hydrophobicity and concentration unfolds zein to a
greater extent, and that in turn is reflected by its stronger
reduction potential in simultaneous synthesis of Au NPs. Thus,
the nature of the surfactant is another important parameter that
plays a crucial role in the unfolding behavior of zein.18 A
redominant hydrophobic surfactant is expected to induce
greater unfolding in comparison to a less hydrophobic
surfactant.
Because unfolded zein with its aqueous exposed hydrophobic

domains is an amphipathic macromolecule, it is also expected
to act as a stabilizing agent as well as a shape-directing agent for
NPs.19−21 Amphiphilic molecules prefer to adsorb at the
interface where they can satisfy both their polar as well as
nonpolar interactions. By doing so, they have the ability to
completely block certain crystal planes and screen them
completely from further participation in the crystal growth.12

A complete blocking of a particular crystal plane is further
related to the strength of an amphiphilic molecule. A stronger
amphiphilic molecule can only completely passivate a particular
crystal plane by forming a compact monolayer22 that cannot be
penetrated by freshly produced atoms to participate in crystal
growth. Hence, crystal growth is directed to unpassivated
crystal planes, and shape-controlled morphologies emerge. As
the unfolded zein is involved in the simultaneous synthesis of
Au NPs, the overall shape and structure of Au NPs synthesized
are further related to the degree of unfolding. Completely
unfolded protein is always a better shape-directing agent than
partially unfolded protein21 and hence produces ordered
morphologies. Thus, the onset of the Au NPs formation and
their shape and size are the best indicators of the zein unfolding
behavior.
Our aim in this work is two fold: first, to understand the

unfolding behavior of a highly hydrophobic water insoluble zein
protein, and second, to understand its subsequent use in green
chemistry as a shape-directing agent in the synthesis of
protein−NP hybrid nanomaterials with several potential
biomedical applications. We want to explore the possibilities
that may allow zein-conjugated NPs for drug delivery vehicles
in systemic circulation because zein is a proven well-known

component of several food and pharmaceutical formulations,
and hence, its bioconjugated NPs are also considered to be
entirely nontoxic. For this purpose, we have employed such
NPs to study their hemolytic response, which is believed to be
the first step in exploring their biomedical applications in
nanotechnology.

■ EXPERIMENTAL SECTION
Materials. Chloroauric acid (HAuCl4), zein protein, sodium

dodecylsulfate (SDS), sodium decylsulfate (SDeS), sodium tetrade-
cylsulfate (STS), and sodium perfluorooctanoate (SPFO) were
purchased from Aldrich. Double distilled water was used for all
preparations.

Synthesis of Au NPs. First of all, zein was solubilized in an
appropriate aqueous surfactant solution at room temperature. Then,
aqueous mixtures (total of 10 mL) of zein (0.1−0.4%), surfactant (24
mM), and HAuCl4 (0.25−1.0 mM) were taken in screw-capped glass
bottles and kept in a water thermostat bath (Julabo F25) at precise 70
± 0.1 °C for 6 h under static conditions. Zein acts as a weak reducing
agent due to the presence of aqueous exposed reducing amino acids
like cysteine and hence reduces Au(III) into Au(0) resulting in the
color change from colorless to pink-purple.6,12,13 The present
surfactants are not expected to be involved in the reduction reaction
in view of their complexation with zein protein.

+ + → ++ −Au (aq) zein (aq) 3e Au (s) oxidizing products3 o

(1)

After 6 h, the samples were cooled to room temperature and kept
overnight. They were purified from pure water at least three times to
remove unreacted zein. Purification was done by collecting the Au NPs
at 8000−10,000 rpm for 5 min after washing each time with distilled
water.

Methods. All reactions were monitored simultaneously by UV−
visible measurements (Shimadzu-Model No. 2450, double beam) in
the wavelength range of 200−900 nm to observe the progress of the
reactions by recording their absorbance due to the SPR. This
instrument was equipped with a TCC 240A thermoelectrically
temperature-controlled cell holder that allowed for measuring the
spectrum at a constant temperature within ±1 °C.

Transmission electron microscopic (TEM) analysis was done on a
JEOL 2010F at an operating voltage of 200 kV. The samples were
prepared by mounting a drop of solution on a carbon-coated Cu grid
and allowed to dry in the air. X-ray diffraction (XRD) patterns were
recorded by using Bruker-AXS D8-GADDS with Tsec = 480. Samples
were prepared by placing a concentrated drop of aqueous suspension
on glass slides and then drying them in a vacuum desiccator. The
polarity of the zein-coated NPs was determined by gel electrophoresis
using TBE (tris-borate, 90 mM; ethylene diamine tetraacetic acid
(EDTA), 2 mM, pH 8.0) buffer as a gel running medium. For this
purpose, 1% of aqueous agarose solution was first heated to boiling
with a microwave, poured into a gel plate, and allowed to harden.
Then 20 μL of an aqueous NP solution was loaded in each gel well,
and a direct voltage of 90 V was applied for 10 min to promote the
movement of NPs. No staining agent was needed because the NP
solutions in each case were colored (either pink or purple).

Hemolytic assay was performed to evaluate the response of zein-
conjugated NPs on blood group B of red blood cells (RBCs) from a
healthy human donor. Briefly, 5% suspension of RBCs was used for
this purpose after three washings along with two concentrations (i.e.,
50 and 100 μg/mL) of each NPs sample. A 1 mL packed cell volume
(i.e., hematocrit) was suspended in 20 mL of 0.01 M phosphate-
buffered saline (PBS). The positive control was RBCs in water, and it
was prepared by spinning 4 mL of 5% RBCs suspension in PBS. PBS
as supernatant was discarded, and pellet was resuspended in 4 mL of
water. The negative control was PBS. All the readings were taken at
540 nm, i.e., absorption maxima of hemoglobin.
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■ RESULTS AND DISCUSSION

Unfolding and Synthesis of Au NPs. Temperature
Effect. Unfolding of zein under the effect of temperature and its
subsequent use in the synthesis of Au NPs depicts the reducing
power of zein to convert Au(III) into Au(0). Once zein is
solublilized in an aqueous surfactant solution, it can be used for
the synthesis of Au NPs, which simultaneously helps us
understand the unfolding behavior. Figure 1a depicts a typical
reaction of 0.1% zein (in aqueous 24 mM SDS) and 0.25 mM
HAuCl4 with temperature. Aqueous zein gives a clear
absorption around 280 nm mainly due to tyrosine (Tyr) and
phenylalanine (Phe) nonpolar amino acid residues in
comparison to tryptophan, which is present in a negligible
amount. The intensity of this peak is dramatically affected as
the growth of Au NPs proceeds from 20 to 70 °C, which is
indicated by a prominent absorbance around 540 nm5,6,13 due
to the SPR. A variation in the intensity of the 540 nm peak with

temperature for reactions with different concentrations of
HAuCl4 is shown in Figure 1b. A little increase in the intensity
is observed up to 50 °C in all cases; thereafter, an exponential
increase in the intensity indicates an instant growth in the
nucleating centers. It shows that zein in aqueous SDS (24 mM)
solution is not appreciably unfolded up to 50 °C, although the
24 mM concentration of SDS is about 3 times higher than its
critical micelle concentration (8 mM, 25 °C)23,24 and easily
solubilizes 0.1% zein in aqueous phase but is unable to break
the disulfide bonds. Solubilization of zein happens when
hydrocarbon tails of SDS molecules are incorporated into the
hydrophobic domains of zein while leaving anionic head groups
in the aqueous phase.11 This association provides an additional
surface charge to the zein−SDS complex, thus making it water
soluble. An increase in temperature further unfolds the
secondary structure of zein first by breaking the hydrogen
bonds operating among different cylindrical structures and then

Figure 1. (a) UV−visible scans of a reaction with 0.1% zein (in aqueous 24 mM SDS) and 0.25 mM HAuCl4 with temperature. (b) Plots of the
variation of intensity at 540 nm with temperature for reactions with different amounts of HAuCl4, and (c) for different amounts of zein. (d) Plots of
blue shift in 540 nm peak for reactions with different amounts of HAuCl4. (e) Gel electrophoresis of different samples (from 1 to 9) of zein
conjugated NPs. Samples 1−3, 4−6, and 7−9 are made with 0.1, 0.2, and 0.4% zein, respectively. Samples 1, 2, and 3 are made, respectively, with
0.25, 0.5, and 1 mM HAuCl4. The same is true for samples 4−6 and 7−9. (f) Plots of variation of intensity at 280 nm with temperature for reactions
with different amounts of HAuCl4. See details in the text.
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breaking the disulfide bonds to expose the cysteine residues in
aqueous phase to initiate the reduction.5,6 This happens around
50 °C in the presence of 24 mM SDS. Figure 1b shows
minimum growth for 0.25 mM, while maximum growth is
shown for 1 mM HAuCl4. Almost all AuCl4

− ions of 0.25 mM
HAuCl4 are converted into the NPs up to 60 °C. After that
their absorbance tends to be constant, while this is not the case
for 0.5 and 1 mM HAuCl4 even up to 70 °C, which is the
maximum temperature we could accurately attain with our
instrument to monitor the growth. This means that 0.1% zein
generates enough reduction potential to completely reduce 0.25
mM Au(III) into Au(0) up to 60 °C but probably not sufficient
to convert 0.5 and 1 mM Au(III) into nucleating centers.
Figure 1c shows the effect of zein concentration at a constant

amount of 1 mM HAuCl4. The 0.4% zein begins growth around
46 °C and almost completely converts all AuCl4

− ions into
nucleating centers up to 60 °C. The 0.2% zein does it from 50
to 70 °C, while 0.1% zein never makes it to completion even up
to 70 °C. A 4-fold rise in the concentration of zein (i.e., 4%)
has practically little effect on initiating the reaction before 50
°C. It still initiates around 50 °C in all cases irrespective of the
amount of zein used, which means that the unfolding clearly
depends on the reaction temperature, while 24 mM SDS only
helps in the solubilization of zein at room temperature, and
actual unfolding of the secondary structure begins by breaking
the hydrogen bonds around 50 °C. Thus, the 50 °C
temperature is required to initiate the dismantling of the
cylindrical structure of zein, which exposes the reducing amino
acids to aqueous phase to start the reduction reaction.
Adsorption of Zein on Nanoparticle Surface. Unfolded

zein in aqueous phase behaves like an amphiphile, which is best
suited for its stabilizing as well as capping behaviors.12

However, its predominant hydrophobic nature also makes it
highly prone to fusogenic behavior25,26 under the effect of
temperature. This behavior is clearly visible in ∼10 nm blue
shift in the absorbance of Au NPs (Figure 1a). During the
nucleation process, usually several nucleating centers grow into
individual NPs that exist in a colloidal state and produce single
peak in the visible region (Figure 1a) due to their collective
absorbance arising from SPR.27 A red shift is observed if they
aggregate in the solution,28 but if the growing nucleating
centers coalesce into a single NP, then a blue shift is
observed.29 We believe that the present blue shift of ∼10 nm
is driven by the fusogenic behavior of capping zein (see the
Time Effect section). Random collisions among the nucleating
centers in aqueous phase facilitate the nonpolar interactions
among the hydrophobic domains of capped zein. This
promotes the interparticle fusion among the growing nucleating
centers,30 and hence, several small nucleating centers merge
into a single NP resulting in a blue shift of ∼10 nm. A variation
in the blue shift for reactions with different amounts of gold salt
is depicted in Figure 1d. The blue shift starts as soon as
nucleation starts around 50 °C and is maximum for 1 mM
while insignificant for 0.25 mM HAuCl4. Greater amounts of
gold salt generate more nucleating centers, and hence, overall a
greater magnitude of the blue shift in the absorbance of Au NPs
is observed. This also indicates that the Au NPs thus produced
are effectively capped by the surface adsorption of zein. This
process further unfolds the protein, which has been previously
reported for other proteins as well.31−33 Gel electrophoresis
(Figure 1e) authenticates the surface adsorption of zein, where
zein capped NPs with a negative charge move toward the
positive terminal of the battery. The negative charge is provided

by the anionic head groups of SDS monomers embedded in the
hydrophobic domains of zein through their hydrocarbon tails.
Samples 1−3, 4−6, and 7−9 belong to 0.4, 0.2, and 0.1% zein
with increasing amounts of gold salt (i.e., 0.25, 5, and 1 mM) in
each case, respectively. Samples 7−9 show maximum displace-
ment due to relatively less zein coating and hence less fusogenic
effects in comparison to samples 1−3 that have maximum zein
coatings and maximum fusogenic effects that induce maximum
aggregation, which hindered the passage of zein-coated NPs
through agrose gel. Likewise, samples 1, 4, and 7 show no
displacement as they are maximumly affected due to the
fusognic behavior because of their minimum number density
caused by the minimum amount of gold salt (i.e., 0.25 mM)
used in their synthesis.
The best way to monitor the surface adsorption of zein and

its subsequent unfolding is to follow the change in intensity of
absorption of nonpolar residues like Tyr and Phe around 280
nm. They are buried deep in the hydrophobic domains.
Unfolding exposes them to aqueous phase and hence enhances
their UV absorbance as more and more such residues are
aqueously exposed. Surface adsorption of a protein is directly
related to the overall shape and structure of its native state.34

Globular proteins are considered to be less surface active than
fibrous proteins. Surfactant-solubilized zein behaves more or
less like a fibrous protein due to its amphiphilic nature that
allows it to form a viscoelastic film on the NP surface. The film
formation process further unfolds the protein and breaks the
disulfide bridges to allow the formation of S−Au linkages. This
process continues with the growth of the NP as a freshly
produced surface attracts more protein that undergoes a further
unfolding process. This is shown in Figure 1f where UV
absorbance at 280 nm follows the growth process of NPs. It
first shows a rapid decrease with a rise in temperature from 20−
50 °C due to the dehydration of zein that strengthens the
hydrophobic environment. Then, as soon as NPs start growing
around 50 °C, likewise 280 nm absorbance increases and
follows the growth process that clearly depicts a simultaneous
surface adsorption and unfolding of zein. This is related to the
number density of NPs produced in aqueous phase. A total of
0.25 mM HAuCl4 produces a relatively minimum number of
NPs, and hence, surface adsorption of zein continues from 50
to 70 °C (Figure 1f) although growth tends to limit around 60
°C (Figure 1b). This means that several layers of zein are
deposited on the surface of NPs that keep unfolding and
subsequently enhancing the intensity of the 280 nm peak. In
fact, unfolded protein on the NP surface attracts the folded or
partially unfolded free protein due to the seeding process,35−37

which is quite common in protein−NP systems.31,32 Both
forms of protein (i.e., adsorbed and free) interact with each
other to initiate self-aggregation. This is basically induced by
the predominance of hydrophobic over hydrophilic inter-
actions. Zein is predominantly a hydrophobic protein, and
hence, nonpolar interactions promote fusogenic behavior
among the hydrophobic domains of both forms of zein that
facilitates its further deposition on a NP surface. On the
contrary, when the number density of NPs is increased 4-fold
(in the case of 1 mM HAuCl4, Figure 1f), the intensity of the
280 nm peak abruptly decreases soon after 50 °C and the
absorbance shifts from 280 to 300 nm though NPs continue to
grow (Figure 1b). Now the same amount of zein is distributed
over a 4-fold increased number of NPs, and nonpolar residues
have relatively direct contact with the Au surface that causes the
delocalization of an aromatic electron cloud and hence lowers
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the energy gap with the resulting absorbance shifted to a longer
wavelength (300 nm). A 4-fold increase in the number density

of the NPs is based on the fact that we obtained mostly
hexagonal Au NPs of ∼40 nm with no drastic change in the

Figure 2. (a) Plots of the variation of intensity at 540 nm with temperature for reactions of 0.1% zein (in aqueous 24 mM SPFO) with different
amounts of HAuCl4 and (b) for different amounts of zein. (c) Plots of variation of intensity at 280 nm with temperature for reactions with different
amounts of zein and (d) HAuCl4. See details in the text.

Figure 3. Schematic representation of the cylindrical structure of folded zein. Addition of surfactant induces unfolding by introducing its
hydrocarbon tail into the predominantly hydrophobic cylinder. See details in the text.
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Figure 4. (a) UV−visible scans of a reaction with 0.1% zein (in aqueous 24 mM SDS) and 0.25 mM HAuCl4 with time. Magnified view in inset
shows a large blue shift with time indicated by black arrows. (b) Plots of the variation of the blue shift in 540 nm absorbance with time for reactions
with different amounts of HAuCl4. (c) Plots of the variation of intensity of Au NPs absorbance with time for reactions with different amounts of
HAuCl4. (d) Plots of variation of intensity at 280 nm with time for reactions with different amounts of HAuCl4. (e) UV−visible scans of a reaction
with 0.1% zein (in aqueous 24 mM SPFO) and 0.25 mM HAuCl4 with time. (f) Variation in the intensity of Au NPs. See details in the text for
reactions with different amounts of HAuCl4. (g) Plots of maximum reaction time to complete reduction process vs the amount of HAuCl4 for
aqueous zein reactions in the presence of SDS and SPFO. See details in the text.
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shape and size within the amount of gold salt used, i.e., 0.25 − 1
mM. This is explained from TEM studies.
Effect of Surfactant Hydrophobicity. Because zein is

predominantly a hydrophobic protein, the nature of the
surfactant is expected to influence its solubility as well as
unfolding. Replacing SDS (C12) with an equal amount of lower
hydrophobicity SDeS (C10) does not induce any marked
difference in the overall intensity variation profile of Au NPs
absorbance (Figure S1, Supporting Information). Likewise, a
similar variation is observed (Figure S2, Supporting Informa-
tion) in the presence of STS (C14) with even higher
hydrophobicity than SDS. Thus, a large variation in the
hydrophobicity of a hydrocarbon chain from C10 to C14
practically induces little effect on the unfolding behavior of zein.
On the contrary, if a hydrocarbon chain is replaced with a
strongly hydrophobic fluorocarbon chain (Figure S3, Support-
ing Information), as in the case of SPFO, dramatic differences
are observed.38−40 First, nucleation begins around 25 °C
(Figure 2a) rather than at 50 °C (Figure 1b), which is a huge
drop in the nucleation temperature of Au NPs. This means that
zein is now capable of converting Au(III) into Au(0) at 25 °C,
which was not possible in the presence of a hydrocarbon
surfactant (Figure 1b) even up to 50 °C and is only possible
when a fluorocarbon chain unfolds zein to a much greater
extent by dismantling the cylindrical hydrophobic domains and
consequently exposing a greater number of cysteine residues to
aqueous phase. Second, the reduction potential of unfolded
zein is so strong that practically no difference in the growth
kinetics of the nucleating centers is noticed within 0.1−0.4% of
zein (Figure 2b) contrary to that in the presence of SDS
(Figure 1c). In all cases, growth increases exponentially with
equal magnitude starting from 25 °C with little difference in the
profiles of reactions with different amounts of zein.
Similarly, surface adsorption and further unfolding of zein on

growing the NP surface (Figure 2c) also begins along with the
growth process as evident from the increasing intensity of
nonpolar aromatic residues (Tyr and Phe). However, this
variation becomes quite interesting with different amounts of
gold salt as depicted in Figure 2d. Unfolding of zein follows the
growth process of Figure 2a when 0.25 mM gold salt is used,
but a 4-fold increase in the concentration (i.e., 1 mM gold salt)
causes a slight decrease in the intensity around 30 °C, while
NPs still continue to grow (Figure 2a). This situation arrives
around 55 °C in the presence of SDS (Figure 1f) under
identical conditions. Thus, both reduction (Figure 2a) and
adsorption (Figure 2d) processes of unfolded zein shift to 30
°C in the presence of SPFO (from 55 °C in the presence of
SDS) due to greater unfolding of the zein protein. Hence,
unfolding of zein is entirely related to the hydrophobicity of a
surfactant; a stronger hydrophobic surfactant like SPFO has the
ability to dismantle the hydrophobic domains to a greater
extent and also at a lower temperature. Each cylindrical
hydrophobic domain of zein (Figure 3) is created by the
antiparallel arrangement of nonpolar amino acid residues
(mainly alanine, leucine, phenylalanine, valine, and proline).7

Different hydrophobic domains are further associated with each
other in a three-dimensional arrangement through hydrogen
bonds that operate between the three pairs of polar amino acids
(glutamine, asparagines, and sarine) located along the helical
surface of each cylinder.7 Insertion of the fluorocarbon tails into
the hydrophobic domain (Figure 3) predominates the nonpolar
interactions38−40 between nonpolar amino acid residues and
fluorocarbon tails over the hydrogen bonding that holds the

three-dimensional arrangement and hence dismantles them into
small aggregates of zein−SPFO complexes.11 This happens to a
much greater extent in the presence of SPFO rather than SDS
and hence leads to greater unfolding.

Time Effect. Zein + SDS Systems. The above results help
us understand the unfolding behavior of zein under the effect of
temperature and hydrophobicity. This section explains the time
effect at constant temperature of 70 °C. Figure 4a illustrates the
time effect for a typical reaction of 0.1% zein (in the presence of
24 mM SDS) with 0.25 mM HAuCl4, while the inset depicts
the magnified view of the Au NPs absorbance with time that
shows a significant blue shift of ∼170 nm (indicated by black
arrows) over the reaction time. In the beginning of the reaction
(within 2 min), a broad band appears around 680 nm, the
intensity of which increases with time and becomes sharp and
blue shifts to 540 nm. Its variation is shown in Figure 4b.
Almost the same variation is observed for a reaction with 0.5
mM HAuCl4, but 1 mM HAuCl4 shows an initial red shift from
600 to 640 nm within 5 min of the reaction and then leads to
the same blue shift (Figure 4b, inset). First of all, the blue shift
refers to the same mechanism as discussed for Figure 1a, where
a blue shift of just less than 10 nm occurred under the effect of
temperature because zein was also undergoing a simultaneous
unfolding mechanism with a rise in temperature. In contrast at
a constant 70 °C, zein is already in its predominantly unfolded
state and shows maximum capping ability through surface
adsorption. Therefore, as soon as the nucleating centers are
created, they are instantaneously capped by unfolded zein. The
fusogenic behavior of zein induces aggregation among the
capped NPs and causes a red shift within 5 min of the reaction
for 1 mM HAuCl4, but a relatively lower amount of 0.25 and
0.5 mM HAuCl4 generate less numbers of aggregates with
relatively insignificant red shifts (Figure 4b). However, the
appearance of broad absorbance around 680 nm in the
beginning of these reactions (within 2 min) suggests the
presence of tiny NPs in aggregated states, otherwise it should
have appeared around 520 nm12,13 (the characteristic
absorbance of colloidal Au NPs in an unassociated state).
Thus, a blue shift of ∼170 nm again refers to a remarkable
fusogenic behavior of unfolded zein that causes coalescence
among the growing NPs and eventually leads to the formation
of shape-controlled morphologies with characteristic absorb-
ance around 540 nm (this is explained from microscopic
studies). Similar results have been reported by Liz-Marzaǹ et al.
for gold citrate.27 The interparticle fusion is clearly evident
from Figure 4c as well where the growth is depicted by an
increase in the intensity and proceeds as long as the blue shift
continues (Figure 4b); thereafter, it levels off or even slightly
decreases because large NPs tend to settle. Likewise, the
absorbance of nonpolar amino acid residues decreases (Figure
4d), especially in the case of reactions with 0.5 and 1 mM
HAuCl4. But the coalescence among much smaller amounts of
NPs (0.25 mM HAuCl4) seems to allow the deposition of zein
that causes a slight increase in the intensity initially due to the
unfolding.

Zein + SPFO Systems. UV−visible scans with time of a
typical reaction of 0.1% zein (in the presence of 24 mM SPFO)
with 0.25 mM HAuCl4 are shown in Figure 4e. A magnified
view of Au NPs absorbance with time (inset) depicts a slight
blue shift of ∼5 nm as growth proceeds over the reaction time.
Lack of fusogenic behavior due to dismantling of the
hydrophobic domains causes an almost negligible blue shift in
comparison to what is shown in Figure 4a. Growth profiles for
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Figure 5. (a) TEM micrographs of small Au NPs prepared with a reaction of 0.1% zein (in aqueous 24 mM SDS) and 0.25 mM HAuCl4. Note the
highly aggregated NPs due to the fusogenic behavior of unfolded zein. (b) Close up view of faceted NPs in an aggregated state. (c) XRD patterns
showing the fcc crystal structure with predominant growth on {111} crystal planes of Au NPs prepared with different amounts of zein. (d) TEM
image showing several thin triangular nanoplates prepared with 0.5 mM HAuCl4. (e) and (f) Close up view of two thin plates lying one above the
other. (g) and (h) TEM micrographs of Au NPs and lattice fringes of a nanoplate, respectively, prepared with the same reaction but in aqueous 24
mM STS instead of SDS. See details in the text.
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various reactions at different concentrations of gold salt (Figure
4f) are quite similar to that of Figure 4c, but growth reaches a
limiting value in a much shorter period of time than in the
presence of SDS. We determined the breaking points of each
curve (as shown by dotted lines in Figure 4c and f) at a
particular gold salt concentration where growth tends to be
constant (plotted in Figure 4g). Two straight lines represent
the maximum reaction time taken by the growth process at
different gold salt concentrations in the presence of SDS and

SPFO. One would notice that there is about a 4-fold increase in
the reaction time when SDS is used instead of SPFO for the
solubilization of zein. In other words, one can say that SPFO
unfolds zein at least four times more than SDS.

Microscopic Studies. TEM images reveal the overall shape
and aggregation behavior of Au NPs and demonstrate how
effectively zein controls the shape through fusogenic behavior.
Figure 5a show several small, thin, and crystalline (diffraction
image in inset) NPs of about 30 ± 5 nm synthesized by a

Figure 6. (a) TEM micrographs of small Au NPs prepared with a reaction of 0.1% zein (in aqueous 24 mM SPFO) and 0.25 mM HAuCl4. Note the
relatively unaggregated polyhedral NPs due to the weak fusogenic behavior of unfolded zein in the presence of SPFO. (b) Close up of a few NPs
with lattice fringes. (c), (d), and (e) TEM images of well-defined NPs prepared with 0.5 mM HAuCl4. (f) TEM image of NPs along with some
nanoplates prepared with 1 mM HAuCl4. See details in the text.
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reaction of 0.1% zein (in the presence of 24 mM SDS) and 0.25
mM HAuCl4 at 70 °C. A high degree of aggregation is observed
among the NPs due to the fusogenic behavior of zein as
depicted by UV−visible scans in Figure 4a and prevents its
displacement in gel electrophoresis (Figure 1e, sample 1). Low
contrast is basically due to the low diffraction from the highly
thin NPs, while their overlapping and relatively thicker NPs
produce dark contrast. Figure 5b provides clear evidence of this
behavior where NPs with facets stick together through their flat
surfaces (block arrows) due to the fusogenic behavior of zein. It
should be mentioned that this effect is not because of any
external factor like centrifugation and is induced only by the
predominant hydrophobic nature of zein in the solution phase.
XRD patterns are shown in Figure 5c, and all diffraction peaks
can be indexed to Au fcc geometry with predominant growth at
{111} crystal planes. When the amount of gold salt is increased
from 0.25 to 1 mM, several large nanoplates are observed along
with the smaller faceted mostly icosahedral NPs of 40 ± 8 nm
(Figure 5d). Large nanoplates are considered to be the
outcome of the smaller interparticles fusions5 and are thus
responsible for the prominent blue shift depicted in Figures 1d
and 4b. The nanoplates are so thin that the smaller ones are
lying either below or above the larger ones (block arrows in
Figure 5d). These nanoplates are bound with {111} crystal
planes that are completely coated with zein and are sticking
together with other plates or plate-like NPs due to the
fusogenic behavior of zein. A displacement of a 45° angle of the
zone axis of the two nanoplates from each other highlights the
hexagonal atomic arrangement of {111} crystal planes (Figure
5e), while a somewhat parallel arrangement reduces this effect
(Figure 5f). Similarly, large nanoplates are predominantly
produced in the presence of STS along with the mostly
icosahedral particles (Figure 5g), and each nanoplate depicts
the lattice spacing of 0.24 nm that originates from the {111}
reflection of fcc gold (Figure 5h). We do not see any marked
difference in the overall shape and size of the Au NPs produced
in the presence of SDS or STS. This suggests a similar capping
and stabilizing behavior of zein protein in the presence of both
surfactants, and the higher hydrophobicity of STS does not
induce any major change in the unfolding behavior of zein that
would have a marked effect on the morphology of Au NPs. This
observation is in line with similar UV−visible behavior of the
growth kinetic of Au NPs by zein in the presence of both
surfactants (Figure 1b and Figure S2, Supporting Information).
However, in the presence of SPFO, zein is much more

unfolded (as explained from the UV−visible behavior, Figure 2)
and is expected to have a much different capping and stabilizing
behavior in comparison to that in the presence of SDS or STS.
A reaction of 0.1% zein (in the presence of 24 mM SPFO) and
0.25 mM HAuCl4 at 70 °C produces small polyhedral NPs of
25 ± 5 nm (Figure 6a) that are remarkably different from that
of Figure 5a. First, they are not fused together as shown in
Figure 5a,b, though some elongated particles (indicated by the
white arrows) are the result of interparticle fusion. This is due
to little fusogenic behavior of zein in the presence of SPFO as
demonstrated by a relatively small blue shift of 5 nm (Figure
4e) in comparison to a large blue shift of 170 nm in the
presence of SDS (Figure 4a). Second, NPs are polyhedral
without facets contrary to what is shown in Figure 5b. They are
single crystal and bound with {111} crystal planes as evident
from the lattice fringes of 0.24 nm (Figure 6b). An increase in
the concentration of gold salt to 0.5 mM however produces
well-defined NPs, and most of them are dodecahedral with

clear facets (Figure 6c,d) that are bound with both {111} and
{200} crystal planes (Figure 6e). A further increase in the
amount of gold salt to 1 mM also produces some nanoplates
(Figure 6f), but the number density of dodecahedral is still
much more. A relatively much weaker fusogenic behavior of
zein in the presence of SPFO can be attributed to the
dismantling of cylindrical hydrophobic domains to a much
greater extent in comparison to that in the presence of SDS,
thereby reducing their overall magnitude of hydrophobic
interactions required for an effective fusogenic behavior. The
hydrophobic interactions generated by the smaller hydrophobic
domains are overwhelmed by the hydrophilic interactions
generated by the predominant hydrophilic domains. This
causes a significant decrease in the surface adsorption of zein as
depicted in Figure 4d and hence consequently reducing the
shape-directing effects. That is why the polyhedral morpholo-
gies of Figure 6b lack faceted NPs in comparison to that of
Figure 5b, though they develop into faceted NPs (Figure 6d)
later with an increase in concentration of gold salt. Apart from
this, the lack of appropriate surface adsorption of zein allows
the growing nuclei to grow into independent NPs without any
kind of self-aggregation, and the growth is much rapid in
comparison to that in the presence of SDS due to the greater
extent of unfolding of zein by SPFO (Figure 4g). Thus, a rapid
growth without an appropriate amount of stabilizing agent such
as zein in this case induces anisotropic growth resulting in the
formation of polyhedral morphologies in the first place.

Hemolysis. Although zein is a nontoxic protein and
frequently used in the food industry, applications of zein-
coated Au NPs as drug delivery vehicles require a proper
understanding of their hemolytic behavior. NPs synthesized by
using unfolded zein in the presence of SDS and SPFO were
subjected to hemolytic response so as to understand the
influence of degree of unfolding on the hemolysis. Because
both surfactants form stable complexes with zein protein and
no free surfactant is present in the solution after purification,
hemolytic response is considered to be only due to the zein-
coated NPs. Uncoated NPs that may be metal or nonmetal are
highly toxic and show strong hemolysis.41−43 Small mesoporous
silica nanoparticles (∼100 nm) adsorb to the surface of red
blood cells (RBCs) without disturbing the membrane or
morphology, while relatively larger ones induce a strong local
membrane deformation leading to hemolysis.44 Usually NP
surface charge is the most important parameter in deciding the
extent of hemolysis. Au NPs coated with cationic surfactant
show a high degree of hemolysis.13 Likewise, fullerenes bearing
different numbers of cationic surface moieties show hemolytic
tendency that is proportional to the number of attached
cationic surface groups. The presence of unprotected primary
amines (positive charges) on the surface of polyamidoamine
(PAMAM),45 carbosilane,46 polypropylene imine (PPI),47−49

and polylysine (PLL)50 dendrimers are also associated with
erythrocyte damage.
The hemolysis of the present samples is directly related to

the extent of zein coating (Figure 7a) and does not show any
mark dependence within the range of the shape and size of the
present NPs. Samples 1−3 are made with 0.2% zein, while
samples 4−6 are made with 0.1% zein, with increasing amounts
of gold salt (0.25, 0.5, and 1 mM, respectively) in the presence
of SDS. Samples 4−6 with almost half the amount of zein
coating show more than a 3-fold higher hemolytic response
than samples 1−3. On the other hand, samples 7−9 are made
with 0.1% zein in the presence of SPFO, which show little
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difference in their hemolytic response from that of samples 4−6
made in the presence of SDS. This is quite strange because we
observed a marked difference in the magnitude of unfolding of
zein in the presence of SDS and SPFO from UV−visible and
TEM analysis. It demonstrates that probably the zein coating is
more important in deciding the degree of hemolysis rather than
the degree of unfolding because zein is basically predominantly
a hydrophobic protein. Figure 7b supports this where a
variation in the dose of NPs with the percentage hemolysis is
presented for samples 4 and 7 (made with 0.1% zein in the
presence of SDS and SPFO, respectively) of Figure 7a. In both
cases, hemolysis increases instantaneously with an increase in
the amount of NPs before tending to a constant value because

the insufficient amount of coating (0.1% zein) induces an
instant hemolysis and depends on the number density of NPs.
Apart from this, another set of control experiments in the
absence of NPs and presence of zein (Figure 7c) for water-
soluble zein+SDS and zein+SPFO complexes show no marked
dependence of hemolysis on the mount of zein. In other words,
the hemolysis is not that significant when zein exists in the
aqueous solubilized state rather when it is adsorbed on the NP
surface, which means that hemolysis is primarily carried out by
the NP surface interactions with the cell membrane and its
deformation as reported by other authors.41−44

UV−visible studies in Figures 1f and 2d clearly demonstrate
the NP surface adsorption of zein that consequently further
unfolds its secondary structure and hence exposes its
hydrophobic domains. These nonpolar domains in fact screen
the electrostatic interactions operating between the hydrophilic
domains of unfolded zein or an uncoated NP surface and that
of the red blood cell membrane proteins. The NPs coated with
0.2% zein show significantly lower hemolysis because of an
effective passivation of electrostatic interactions in comparison
to that of 0.1% zein. The red blood cell membrane consists of
three layers with glycocalyx on the exterior, protein network on
the anterior, and lipid bilayer in between the two. The
glycoprotein51 and lipid bilayer52 are highly susceptible to
hydrophobic interactions and thus are responsible for the
rupturing of the cell membranes. In this way, hemolysis can be
avoided if properly coated NPs with zein can be used for drug
release vehicles in the systemic circulation for biomedical
applications.

■ CONCLUDING REMARKS
The results conclude that industrially important nontoxic zein
protein can very well be used in the green synthesis of
bioconjugated nanoparticles so as to expand its applications in
nanotechnology and especially in the biomedical fields. We
observed that the green synthesis simultaneously helps in
evaluating the physiochemical behavior of zein such as
unfolding and fusogenic properties in the aqueous phase.
Both properties closely control the growth process of Au NPs
and thus help in the formation of shape-controlled
morphologies. Because of the amphiphilic nature of unfolded
zein, it readily adsorbs on the NP surface and thus generates
bioconjugated NPs suitable for drug release vehicles in the
systemic circulation. Zein coating dramatically reduces the toxic
and hemolytic effects of Au NPs and thus makes them suitable
models for appropriate biomedical applications.
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(27) Rodríguez-Gonzaĺez, B.; Mulvaney, P.; Liz-Marzań, L. M. An
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