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ABSTRACT: A simple method has been proposed to
synthesize environmental friendly biodegradable starch films
containing gold (Au) and cadmium sulfide (CdS) nano-
particles (NPs) with significantly improved mechanical
properties than pure starch films for various industrial
applications. Au NPs were synthesized in vitro by using starch
as a weak reducing agent simultaneously for the starch film
formation. All reactions were monitored with UV−visible
measurements, and it was observed that the growth of Au NPs
was proportional to the amount of starch. Due to the inherent surface plasmon resonance (SPR), all Au NP starch films were UV
active. Likewise, CdS NPs were synthesized in the glycerol medium and further incorporated in the starch films to make
fluorescent active films. X-ray diffraction (XRD), transmission electron microscopy (TEM), atomic force microscopy (AFM),
and differential scanning calorimetry (DSC) measurements were used to characterize NPs as well as starch films. A systematic
measurement of mechanical properties showed a high degree of tensile strength and flexibility for CdS fluorescent starch films in
comparison to Au NP starch films that made the former an ideal candidate for various industrial applications.
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■ INTRODUCTION

Uncontrolled use of synthetic polymers (plastics) in different
forms has caused great concern about their disposal methods.
Economically suited biodegradable materials which can be
easily mold into different forms for our day to day life are the
best answer to this problem. Such materials can be easily made
from starch which is available in large quantities from various
plant sources. Starch1−3 is a polysaccharide primarily made up
of amylose and amylopectin with 20−30% and 70−80%
respective compositions. Amylose is water insoluble and the
main source of our dietary fiber component whereas
amylopectin is water-soluble. The presence of amylose makes
starch insoluble while amylopectin allows starch to swell in
aqueous phase to produce aqueous suspension which can be
used to produce biodegradable environmental friendly films
with several applications in food and pharmaceutical industries.
Several studies4−12 have been devoted to this aspect and to
explore their properties in relation to oxygen barrier,
penetration of moisture, tensile strength, and flexibility and
have tried to improve them.13−20 This is all related to the
overall molecular arrangement of superhelix amylose and
amylopectin and their relative hydration index in relation to
retrogradation21−23 that ultimately determines the film proper-
ties. Retrogradation is also known as syneresis where a

systematic release of water from a gel state allows linear chains
of both amylose and amylopectin to rearrange in a crystalline
packing due to hydrogen bonding.
Au nanoparticle (NP) embedded protein films24−26 show

promising mechanical properties when appropriate concen-
tration of NPs is uniformly distributed throughout the protein
film in comparison to the film made without them. Likewise,
starch complexed NPs27,28 are expected to influence the
retrogradation as well as gelatinization of starch which in turn
will dramatically alter the mechanical properties of starch
films.29−32 Starch can easily be procured in comparison to zein
protein usually used for making protein films and is better
economically suited. We have applied this idea to understand
how Au NPs when synthesized in vitro along with starch affect
the mechanical properties such as tensile strength and flexibility
of starch films and tried to explore their vast applications in
food packaging and pharmaceutical industries. For this purpose,
we have exploited the weak reducing ability of starch due to its
plenty of hydroxyl groups which can reduce Au(III) into Au(0)
to generate Au nucleating centers. The NPs thus generated can
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be easily stabilized by starch due to its amphiphilic nature to
produce starch conjugated Au NPs in vitro and hence allow
homogeneous distribution of NPs throughout the starch gel
matrix. A controlled retrogradation entraps NPs in starch gel
resulting in the formation of a starch film whose properties
depend on the amount, morphology, and size of the NPs. The
films thus produced are UV−visible active due to the surface
plasmon resonance (SPR)33,34 of Au NPs. Similarly, fluorescent
starch films can also be produced if we use fluorescence active
NPs such as CdS. In this case, the synthesis of CdS NPs is not
as simple as that of Au NPs, but the overall reaction can be
conducted in the presence of glycerol which is used as a
plasticizer in the starch film formation. We show here a
systematic and comprehensive synthesis of UV−visible and
fluorescence active starch films, their characterization, and
mechanical properties best suited for their industrial
applications.

■ EXPERIMENTAL SECTION
Starch Isolation. Kidney beans (100 g) were steeped overnight in

aqueous toluene solution (2.2 mL/500 mL distilled water) at 40 °C.
They were washed, peeled, and ground with distilled water (1:10) to
obtain slurry which was passed through a nylon cloth to remove fibers.
The residue thus obtained was again ground with distilled water, and
the slurry was allowed to stand for 2−3 h. Subsequent washings were
given until the supernatant became clear and the starch was procured
after drying at 40 °C. Amylose content of the isolated starch was
determined by using the method of Williams et al.35 and found to be
29.5%. It is to be mentioned that even potato starch can also be used
instead of kidney bean starch for this study, but it has relatively lower
solubility and usually produces less transparent films which may not be
suitable for the study of photophysical properties and their subsequent
applications as biodegradable fluorescent films.
Synthesis of Starch Conjugated Au NPs. Different amounts of

starch (0.5/1/2/5%) were stirred in screw-capped glass bottles at 90
°C for 10 min with constant stirring. The suspension thus obtained in
each case was cooled to room temperature and HAuCl4 (0.25/0.5/1.0
mM), from Aldrich, was added. The reaction mixture was kept in a
water thermostat bath (Julabo F25) at precisely 70 °C for 6 h under
static conditions. The color of the solution changed from colorless to
pink−purple after 30 min and remained same thereafter in most of the
cases, indicating the formation of Au NPs. The following reaction is
considered to take place.

After 6 h, samples were cooled to room temperature and kept
overnight. They were purified from pure water at least two times in
order to remove unreacted starch. Purification was done by collecting
the Au NPs at 10 000 rpm for 5 min after washing each time with
distilled water.
Synthesis of Starch Conjugated CdS NPs. CdS nanoparticles

were synthesized by taking 10 mL of glycerol in a round-bottom glass
flask. Under constant stirring, 1 mL of 0.5 M aqueous acetic acid was
added and followed by the addition of 0.5 mL of 0.1 M aqueous

cadmium acetate solution. After mixing all the components at room
temperature, the reaction mixture was kept in an oil bath under precise
temperature control of 150 °C at constant stirring. Then, 0.5 mL of
aqueous 0.1 M thioacetamide was added and the reaction was carried
out for 48 h. The following reaction was considered to take place, and
the CdS NPs thus produced were purified as mentioned above in the
case of Au NPs.

+ → +Cd(OOCCH ) H O CdO 2CH COOH3 2 2 3

+ → +CH CSNH H O CH COONH H S3 2 2 3 4 2

+ → +CdO H S CdS H O2 2

UV−visible and Fluorescence Studies. UV−visible spectra of as
prepared colloidal suspensions were recorded by Shimadzu Model No.
2450 (double beam) in the wavelength range of 200−900 nm to
determine the absorbance. Steady state and time-resolved fluorescence
spectroscopy of especially CdS NP suspensions were carried out by
using the PTI QuantaMaster and PicoMaster 2 TCSPC Lifetime
Fluorometer, respectively. Both instruments are equipped with a
thermoelectrically temperature controlled cell holder that allows the
measurement of the spectrum at a constant temperature within ±1 °C.

Film Casting. Starch films embedded with Au or CdS NPs were
made directly from the as prepared samples. A 10 g portion of the
respective colloidal NP suspension was weighted in a 9 cm diameter
plastic Petri dish along with 30% glycerol (starch weight basis) as a
plasticizer. For the CdS NP sample, 30% glycerol was accounted for
along with the as prepared colloidal NPs suspension. The suspension
was then gently swirled to coat the bottom of the dish and was placed
on a level surface in an oven at 40 °C for 24 h. Three replicate films
were cast for each sample. Dehydration of this filmogenic solution led
to a film formation which was easily peeled off. All films were stored in
a desiccator over P2O5 for at least two weeks to obtain constant
weight. Larger films for more practical purposes such as wrapping
sheets or bags can also be prepared in a similar fashion as long as the
above method is adopted.

Color Coordinates. Color coordinate data of the films were
determined using a Hunter colorimeter Model D 25 optical sensor
(Hunter Associates). The Hunter L, a, and b color space is a three-
dimensional rectangular space based on the opponent color-theory. L*
is a measure of “brightness”, while a* and b* are the color coordinates
that range from −90 to +90 in the color space “circle”. For a*, −90 =
green and +90 = red, and for b*, −90 = blue and +90 = yellow. To
perform the color tolerance, a standard sample was measured and
saved for subsequent comparisons.

Microscopic and X-ray Diffraction Studies. Transmission
electron microscopy (TEM) measurements were carried out by
mounting a drop of a purified NP suspension on a carbon coated Cu
grid and allowed to dry in air. It was observed with the help of a Philips
CM10 Transmission Electron Microscope operating at 100 kV.
Atomic force microscopic (AFM) measurements of starch films were
carried out by model Veeco diCaliber at room temperature. A 5 cm2

piece of a starch film was placed on an ultra cleaned glass coverslip. It
was then scanned with silicon nitride tip in contact mode to get
amplitude and height images. Survey scanned images were processed
and analyzed by using SPM graphic software to obtain the three-
dimensional topography of a starch film. X-ray diffraction (XRD)
patterns were recorded by using Bruker-AXS D8-GADDS with Tsec =
480. Samples were prepared on glass slides by placing a concentrated
drop of purified NP suspension and then dried in a vacuum desiccator.
Likewise, XRD patterns of starch films were determined by using
separate attachment to hold the film.

Differential Scanning Calorimetry Studies. Thermogravimetric
analysis/differential scanning calorimetry (TGA/DSC) of the starch
films was carried out on a TA Instruments SDT Q600 using
approximately 10 mg sample accurately weighed into an aluminum
sample pan. An empty aluminum pan was used as reference. The
sample was heated at 5 °C/min heating rate in the temperature range
from 20 to 500 °C under air flow (100 mL/min).
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Mechanical Properties. The mechanical properties of the films
were measured using a Texture Analyzer (TAXT2, Stable Micro-
systems, Godalming, U.K.) with a 5 kg load cell. The speed was kept
constant at 1 mm/min. A well-defined geometry of each film (with
average thickness, width, and length of 0.05, 5, and 50 mm,
respectively) was used to measure the tensile properties of each
film. The measurements were carried out by fixing the ends of a film to
two metal plates by using cyanoacrylate glue. It was then single-edge
notched to a depth of 2.5 mm midway along the length. The
mechanical tests were performed to obtain force/displacement data,
tensile strength (MPa), and strain at failure. Tensile strength was
measured using σ = Fmax/(w − a)t, where Fmax is the maximum force
associated with failure, w is the width of the strip, a is the notch length,
and t is the thickness of the strip. Strain at failure was calculated as εfail
= Δlmax/l, where Δlmax is the change in length at Fmax and l is the initial
length.

■ RESULTS

UV−visible and Fluorescence Studies. Synthesis of Au
NPs was carried out by reducing Au(III) into Au(0) using

starch as a reducing agent and monitored simultaneously by the
UV−visible measurements. Figure 1a depicts a typical plot
where no absorption of aqueous starch is observed in the visible
region but, as soon as Au nucleating centers are formed, a peak
appears around 540 nm due to the SPR of Au NPs.8 It becomes
more significant with the passage of time. The plot of intensity
at 540 nm versus time (Figure 1b) shows an increase in the
intensity with time as NPs grow in size before tending to a
constant value (indicated by an arrow). This value decreases as
the amount of starch increases from 0.5 to 5% in a linear
fashion (Figure 1b, inset) which means that the reduction is
proportional to the amount of the reducing agent.36,37 Another
important feature of Figure 1a is the overall blue shift of about
20 nm in the absorbance of Au NPs, and its variation with time
is depicted in Figure 1c. For a reaction of 0.5% starch, at first it
goes through a red shift of about 40 nm which after attaining a
maximum value (indicated by an arrow) reverts to a blue shift
of 20 nm before tending to a constant value. This variation,
though quite clear in the presence of 0.5% starch, diminishes at

Figure 1. (a) UV−visible scans of aqueous 1% starch and 0.25 mM HAuCl4 at 70 °C with time from 5 min (lowest scan) to 6 h (upper most with
dotted line). (b) Intensity at 540 nm of Au NPs versus time plots of reactions with 0.5, 1, 2, and 5% starch and 0.25 mM HAuCl4 at 70 °C. (inset)
Linear dependence of reduction time on the amount of starch. (c) Wavelength maximum of the absorbance of Au NPs versus time plots of reactions
with 0.5, 1, 2, and 5% starch and 0.25 mM HAuCl4 at 70 °C. (d) Photograph of Au NPs embedded starch film. (e) Photograph of CdS NPs
embedded starch film. (f) Absorbance versus wavelength scans of starch films made with and without Au NPs. Note the absorbance around 540 nm
due to the presence of Au NPs in the starch films. See details in the text.
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higher amounts, while 5% starch shows no red shift at all. In
order to understand this behavior further, we have divided the
0.5% starch curve into two parts: the first part with red shift is
related to the nucleation while the second part with blue shift
can be related to the association of starch with NPs. The lowest
amount of starch (i.e., 0.5%) is expected to generate few
nucleating centers which slowly grow under the autocatalytic
effect to accommodate unreduced gold ions. This slow growth
process is usually accompanied with a red shift because it leads
to larger morphologies. In contrast, a greater amount of starch
(i.e., 5%) converts the maximum amount of gold ions into
nucleating centers with relatively less possibility of further
growth; hence, no red shift is observed. The blue shift on the
other hand is related to the screening of the SPR of Au NPs
upon complexation with starch macromolecules; hence, it
happens in all cases with maximum effect for 5% starch because,
as soon as the Au nucleating centers are created, they are
complexed with the much greater amount of starch (Figure 1c).
For CdS NPs, a simultaneous measurement of UV−visible

spectrum at 150 °C was not possible, therefore the absorption
of as prepared samples was carried out at room temperature
and depicted in the Supporting Information, Figure S1a. A
weak band close to 500 nm in observed in all cases due to the
yellow color of the CdS NPs.38 Starch conjugated NP
suspensions from both reactions are directly converted into
starch films (see the Experimental Section for details) which is
usually pink or purple in color in the case of Au NPs (Figure
1d) while it is bright yellow for CdS NPs (Figure 1e). A
uniform color of both films indicates that the NPs are evenly
distributed throughout the starch film as they were in the
colloidal suspensions. The absorbance spectra of starch films
with and without Au NPs are depicted in Figure 1f. Clear peaks
due to SPR around 550 nm are due to the presence of

embedded NPs which are absent in the respective control
experiments. Likewise, CdS NPs also show similar absorption
bands around 500 nm in their films (Supporting Information
Figure S1b) which were previously demonstrated by their
suspensions (Figure S1a).
Fluorescence spectra of the CdS NP suspension along with

that of the films at an excitation wavelength of 450 nm are
shown in Figure 2a. The NP suspension gives a clear emission
around 510 nm39 which increases with the increase in the
amount of NPs (Supporting Information Figure S2).
Fluorescence emission of CdS NPs in films is suppressed and
about 10 nm red shifted (Figure 2a). In addition, a greater
amount of starch shows a greater suppression in the emission
intensity. Lifetime measurements profiles are depicted in Figure
2b for CdS NP films made with 1% starch. The lifetime decay
of CdS NPs in films is fit to multiexponential function with
average lifetime between 1 and 3 ns.

Color Coordinates. Color coordinates (Figure 2c) further
help us to characterize the color properties on the basis of the
isotropic nature of the films.5 A low value of L* in the presence
of Au NPs of different concentrations can be attributed to the
less bright or less transparent starch film in comparison to their
absence and is obviously understood from the pink−purple
color of the NPs incorporated in films. The a* value indicates
the presence of red color which is provided by the small NPs
due to the SPR with absorbance around 540 nm in comparison
to the purple color of larger NPs with red shifted absorbance.
a* is maximum for a greater amount of Au NPs (i.e., 1 mM)
which is obviously expected due to the presence of a greater
number of NPs. The b* value for this film indicates the
presence of weak yellow color which might arise from the
semicrystalline nature of starch or to some extent due to
unreacted Au(III). It is absent in films with 0.25 and 0.5 mM of

Figure 2. (a) Steady state fluorescence of CdS NPs in suspension and embedded in starch films. Note a relatively weak emission of CdS NPs present
in the starch films. (b) Fluorescence lifetime decay of CdS NPs in starch films. (c and d) Color coordinates of 1% starch films made without and with
different concentrations of Au and CdS NPs, respectively. See details in the text.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc3000652 | ACS Sustainable Chem. Eng. 2013, 1, 127−136130



Au NPs which means that almost all gold ions are converted
into nucleating centers in these films. Similar behavior is
observed for 1% starch films in the absence and presence of Au
NPs (Supporting Information Figure S3). In the case of CdS
NP starch films, the large b* values of color coordinates (Figure
2d) demonstrates the presence of strong yellow color due to
the presence of fluorescent CdS NPs while insignificant values
of a* can be attributed to the absence of red color contrary to
the Au NP films.
Microscopic and XRD Studies. TEM studies help us to

understand the morphology of the Au and CdS NPs. Figure 3a
and b shows the TEM images of purified Au NPs (see the
Experimental Section) synthesized with 1 and 2% starch,
respectively, with corresponding EDS spectra indicating the
emission due to Au (Supporting Information Figure S4). NPs
of polyhedral shapes with comparable sizes of 22 ± 9 and 25 ±
12 nm, respectively, are evident. Polyhedral shapes suggest that
starch is a good stabilizing agent but is not a good shape

directing agent.40−42 The latter property stems from an
effective liquid−solid interfacial adsorption of a stabilizing
agent, and that is not expected for starch due to its weak
amphiphilic behavior. However, starch forms a good
amorphous film with entrapped NPs in a relatively less purified
sample (Supporting Information Figure S5). On the other
hand, CdS NPs of about 20 nm exist in the form of small
interconnected clusters of about 100 nm (Figure 3c). Close
inspection (Figure 3d) suggests that each cluster is made up of
6−10 NPs. XRD patterns of Au NPs (Figure 3e) with and
without films are sharp and hence indicate the crystalline nature
of NPs with predominant growth at {111} crystal planes of fcc
geometry of Au. Likewise, XRD patterns of CdS NPs (Figure
3f) represent crystalline cubic structure with more prominent
peaks for NPs in purified suspension rather than in films. Peaks
arising at 17° and 22° scattering angles (Figure 3c) belong to
conjugated amorphous starch43−45 and are more prominent for
Au NPs films rather than CdS NPs films because Au NPs are

Figure 3. (a and b) TEM micrographs of Au NPs synthesized at 70 °C in the presence of 1% and 2% starch, respectively, along with HAuCl4 = 0.25
mM. (c and d) TEM micrographs of CdS NPs synthesized at 150 °C in glycerol medium. (e) XRD patterns of Au NPs in suspension (A) and in 1%
(B) and 2% (C) starch films. (f) XRD patterns of CdS NPs in suspension (A) and in 1% (B) and 2% (C) starch films. See details in the text.
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synthesized in the presence of starch as a weak reducing agent
whereas Cd NPs are prepared in the glycerol medium (see
Experimental Section). Due to the predominantly amorphous
nature of starch films, it is difficult to quantify the effect of NPs
on the crystalline arrangement of amylose during the film
formation which usually exists in B-type polymorph.46 The
presence of NPs (of ∼12−24 nm) is expected to affect the
overall dense double helical arrangement of starch made up of
thin lamellar domains of about 4.5 nm thick by intercalating
themselves. This effect is expected to be more prominent for

Au rather than CdS NPs because Au NPs have been
synthesized in vitro. We will correlate this aspect with
mechanical properties later in the Discussion section.
AFM studies further help us to understand the surface

roughness of the starch films. Figure 4a shows the topography
of NPs embedded starch film made with 1% starch. Panel b
compares its control, i.e. without NPs. A marked difference can
be observed between the topography of two films. The
topography of the film incorporating NPs (panel a) clearly
shows the presence of peaks and valleys25 due to embedded

Figure 4. (a and b) AFM images of 1% starch film with and without Au NPs, respectively, showing the surface topography. (c and d) Respective
height images along with a surface plot (e). See details in the text.
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NPs whereas that of the control (panel b) is relatively much
more smooth with no sign of peaks. Panels c and d show the
respective height images of the films where one can see the
presence of groups of embedded NPs in panel c whereas again
panel d gives an almost flat surface. Panel e provides the three-
dimensional image with approximate height due to the
embedded NPs which is slightly more than 100 nm and
obviously expected in view of the thick coating of several layers
of starch on NPs. Similar behavior is demonstrated by the film
made with 2% starch (Supporting Information Figure S6).
DSC Studies. In view of the applications of present starch

films in food and pharmaceutical industries as packaging
materials, their thermal properties are required. Each film gives
two endothermic peaks both in the absence as well as in the
presence of NPs (Figure 5a). The first broad peak around 60
°C (Table 1) is considered to be due to the loss of entrapped
water molecules in liquid crystalline phase of predominantly
amylopectine region.47 The broad nature of the peak is related
to slow release of the entrapped moisture with a steady increase
in temperature and accompanied by a relatively little amount of

weight loss (see corresponding dotted box in Figure 5b) that
increases with the amount of starch (i.e., 3, 8, and 15% weight
loss for 0.5, 1, and 2% starch, respectively, for the films without
NPs). Likewise endothermic enthalpy (ΔH) decreases with the
increase in the hydration in the order of 0.5% > 1% > 2% starch

Figure 5. Heat flow (a) and weight loss (b) scans of starch films made with 0.5, 1, and 2% starch without and with Au NPs. Tensile strength (c) and
strain at failure (d) plots of 1 and 2% starch films embedded with Au NPs versus the amount of NPs. Tensile strength (e) and strain at failure (f)
plots of 1 and 2% starch films embedded with CdS NPs versus the amount of NPs. See details in the text.

Table 1. Transition Temperatures and Endothermic
Enthalpies of Starch Films without and with Au and CdS
NPs

peak1
T(°C)

ΔH1
(J/g)

peak2
T(°C)

ΔH2
(J/g)

0.5% starch 60.7 258.9 285 177.9
1% starch 59.9 193.7 303 106.8
2% starch 60.8 190.2 303 91.2
0.5% starch + 1 mM Au NPs 60.1 336.5 273 230.6
1% starch + 1 mM Au NPs 62.7 280.3 289 188.5
2% starch + 1 mM Au NPs 59.8 229.3 287 176.4
0.5% starch + 1 mM CdS NPs 60.7 352.8 279 58.6
1% starch + 1 mM CdS NPs 61.2 297.3 283 56.4
2% starch + 1 mM CdS NPs 70.6 179.4 267 24.2
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(Table 1). In the presence of NPs, all peaks are more
prominent and again appearing close to 60 °C but with higher
ΔH values (Table 1) and comparatively less weight loss with
respect to that in the absence of NPs. Stabilization of colloidal
NPs in aqueous starch solution can be viewed in terms of
DLVO theory48,49 where electrostatic interactions between the
starch hydroxyl groups and the charged nanometallic surface
play a predominant role over the cohesive interactions due to
van der Waals forces between the NPs. The former will replace
previously associated water molecules in the starch superhelix
to provide necessary colloidal stability that in turn reduces the
effective amount of entrapped moisture in comparison to that
in the absence of NPs. Hence, the films thus produced in the
presence of NPs contain a lesser amount of moisture with a
relatively greater amount of crystallinity.
The second peak appearing at >260 °C (Figure 5a) is due to

the melting of starch chains followed by the decomposition of
glucose rings under the effect of thermal decomposition50,51

which is expected to release water most probably due to
condensation among the neighboring −OH groups of
predominantly hydrophilic amylopectin and even the formation
of CC. That is why the corresponding overall transition
temperature is much higher than the first peak, and even higher
for 1 or 2% in comparison to 0.5% starch (Table 1). Likewise
ΔH values are much lower than the corresponding first peak
with the same trend. In the presence of NPs, we obtained
slightly lower transition temperature in comparison to their
absence with higher ΔH values. Although the ultimate weight
loss (i.e., ∼80%) is more or less the same in the absence as well
as in the presence of NPs, the major difference is in their slopes
(corresponding dotted area in Figure 5b). For pure starch films,
the slopes are relatively steeper than in the presence of NPs,
suggesting a rapid decomposition of glucose rings in the
absence of NPs. Complexation with glucose rings makes this
process relatively slower. Similar behavior is observed for CdS
NPs embedded starch films (Supporting Information Figure
S7).
Mechanical Properties. Mechanical properties help us to

understand the workability and applicability of starch film and
are best understood in terms of tensile strength and strain at
failure (flexibility). Figure 5c and d demonstrate both
properties for 1 and 2% starch in the presence of Au NPs.
Tensile strength decreases with increasing amounts of Au NPs
while flexibility improves with 0.25 mM NPs but decreases
thereafter. Decrease in the tensile strength can be correlated
with a higher degree of crystallinity in the presence of NPs as
evident from the thermal properties (Figure 5a and b).
However, increase in the flexibility with a small amount of
NPs, i.e. 0.25 mM, can be attributed to a decrease in the
hydrogen bonding52 which is responsible for the superhelix
arrangement among starch macromolecules. Greater hydrogen
bonding generates stronger interhelical interactions with less
flexibility and vice versa. A small amount of NPs can be
accommodated in the mesh of interconnected starch macro-
molecules (strands) without significantly disturbing their helical
arrangement, but a greater amount of NPs on the other hand
disturbs the superhelix arrangement and thereby decreases the
flexibility.
The presence of CdS NPs dramatically improves the

mechanical properties. A significant increase in the tensile
strength (Figure 5e) and flexibility (Figure 5f) is observed in
the CdS NP incorporated starch films. Both tensile strength as
well as flexibility increase with the increase in the amount of

CdS NPs before tending to a constant value and are higher for
2% starch than 1%. This remarkable difference from that of Au
NP incorporated films might have arisen from a different mode
of synthesis of CdS NPs. Synthesis of CdS NPs has been
carried out in the presence of glycerol medium, thus glycerol
stabilized starch coated CdS NPs help to provide greater
stability and flexibility.53

■ DISCUSSION
Present results demonstrate a systematic way of synthesizing
NP incorporated biodegradable starch films. We want to show
that the presence of NPs makes a significant difference in the
strength and flexibility of starch films for their industrial
applications in comparison to the films simply made with only
starch (without NPs). We are mainly looking for their versatile
applications in the packaging and pharmaceutical industries
where biodegradable starch films should provide required
strength, moisture barrier, and fluorescence activity for easy
detection. Our results show that a systematic synthetic method
as monitored by the UV−visible studies (Figure 1a−c) can be
easily applied to produce starch stabilized Au NPs, which can
simultaneously be incorporated into starch films. Such starch
films are UV−visible active due to the presence of Au NPs
(Figure 1d and f). Similar films can also be produced by
incorporating fluorescence active CdS NPs. Incorporation of
NPs in the superhelix arrangement of starch (Figure 6) induces

significant influence on the mechanical properties of the starch
films. Although Au NPs (Figure 5c and d) decrease the
mechanical strength, their low amount increases the flexibility,
while CdS NPs (Figure 5e,f) significantly increase the tensile
strength as well as flexibility. Keeping in view of their almost
similar dimensions, it all seems to be due to the different
methods used in their synthesis. We believe that the
stabilization of glycerol coated CdS NPs proves to be a better
option rather than only starch coated Au NPs. Although
glycerol has also been used as plasticizer in Au NP incorporated
starch films, the lower tensile strength of such films in
comparison to that of CdS NPs suggested poor intercalation of

Figure 6. Schematic representation showing glucose units joined
together by glycosidic bonds to construct a superhelix layered
structured interlocked by hydrogen bonding. The lower part of the
diagram shows intercalated starch capped Au NPs and glycerol capped
CdS NPs among different layers. See details in the text.
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glycerol molecules in the double helical arrangement of starch
macromolecules. Therefore, NPs alone cannot increase the
tensile strength as well as flexibility; it is the glycerol stabilized
NPs which provide additional strength and flexibility.
In order to understand it further, we need first to understand

the role of glycerol as a plasticizer.54 Glycerol is a polyol with
three hydroxyl groups. Addition of glycerol in starch reduces
the direct hydrogen bonding between the different chains of
starch macromolecules by incorporating among them. This
increases the interhelical distance among different chains and
increases the flexibility. When such places are occupied by the
glycerol stabilized NPs whose dimensions are no doubt much
greater than glycerol molecules, distances between the helical
chains are further increased which in turn contributes toward
even greater flexibility (Figure 6). Since the Au NPs are
synthesized in the absence of glycerol medium (in the presence
of aqueous starch), therefore they are expected to be already
coated with predominantly crystalline starch (Figure 6) because
the reactions are conducted at 70 °C where substantial
dehydration is expected. This leaves little possibility for glycerol
molecules to intercalate effectively in the already predominantly
crystalline starch coating unlike that of CdS NPs which are
synthesized only in the glycerol medium. Thus, NPs previously
stabilized by glycerol prove to be better candidates for inducing
greater flexibility among starch superhelix chains in comparison
to NPs already stabilized by predominantly crystalline starch.
This seems to be the key step in increasing both tensile
strength as well as flexibility of starch films. Furthermore, the
nature of the NP surface whether it is metallic or semi-
conductor probably does not matter because NPs properly
coated and stabilized by glycerol produce films with better
tensile strength and flexibility. The size of both kinds of NPs,
i.e. Au and CdS, was within 25−100 nm for their effective
accommodation and manipulation in the starch superhelix
arrangement in order to generate greater stability in
comparison to the films made in their absence. A much larger
size of ca. 0.5 μm or more than this is considered to
significantly disturb the helical arrangement thereby adversely
affecting the flexibility or tensile strength of the films. Thus, a
smaller size of NPs as used in the present study works well in
achieving better film properties best suited for various industrial
applications.
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