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Abstract This study was aimed to synthesize and evaluate

the nano starch-based composite films by the addition of

nano starch in film formulation at 0.5, 1, 2, 5 and 10% level

of total starch. The acid hydrolysis technique was used to

reduce the size of starch granules of kidney bean starch.

The physicochemical properties of both native and nano

starch were determined. Nano starch showed a higher value

for swelling power, solubility, water and oil absorption

capacity when compared with native starch. The particle

size of kidney bean nano starch was 257.7 nm at 100%

intensity. The size of starch granule affects various prop-

erties of films. The thickness, solubility and burst strength

of the composite films were increased significantly

(p B 0.05) with an increase in the concentration of nano

starch in film formulation. While the moisture content and

water vapour transmission rate (WVTR) were decreased

significantly (p B 0.05) with an increase in the concen-

tration of nano starch in film formulation. The results

suggested that kidney bean starch could be used for the

development of packaging films. The utilization of nano

starch in film formulations had an additional advantage in

improving the film properties.

Keywords Kidney bean � Nano starch-based composite

films � Water vapour transmission rate � Burst strength

Introduction

Starch is an energy reserve, stored in stems, roots, seeds,

and tubers. Commercial starches are abundantly available

and isolated from corn, potato, wheat, rice, and tapioca. In

addition to that, it is odorless, tasteless and does not require

extreme purification (Daudt et al. 2014). Starch granules

vary in size, shape and striations or lamellae. The shape of

starch granules may be spherical, disk, oval, polygonal or
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rod-shaped. The granule characteristic varies according to

the botanical source and the environment which in turn

affects its physicochemical properties. These properties

determine the applications and use of starch in a particular

industry (Jane 2006).

In the food, textile, pharmaceutical and cosmetic

industry, starch is being utilized as a raw material for

various formulations. Starch has various applications, like

as a binder, thickener, stabilizer, texturizer, foam

strengthener, moisture retainer, gel former, film-former and

adhesive agent. Starch has been also used for the manu-

facture of pouches for detergents and insecticides; flush-

able liners and bags; medical delivery systems and devices

(Damodaran and Parkin 2017). The starch percentage

varies greatly among different botanical sources i.e. in

cereals (60–80%), legumes (25–50%) and a few green

immature fruits such as mango and banana (70%) on a dry

weight basis (de la Torre-Gutiérrez et al. 2008). Thus,

higher demand for starches at the commercial level has

created interest in new sources like legumes and fruit

kernels. Legumes are consumed all over the world in a

variety of forms and processed differently according to the

taste and cultural preference of people (Singh et al. 2004).

The processing of legumes produces the starch as a major

byproduct during the extraction of proteins.

Kidney beans (Phaseolus vulgaris) are an important

source of proteins, complex carbohydrates, minerals, vita-

mins and grown and consumed across various regions of the

world (Chung et al. 2008). Beans contain 2–3 times more

protein than cereals while carbohydrates content is about

50–60%of drymatter of beans. Significant research has been

carried out on the properties of conventional starches such as

those from corn (Sandhu et al. 2005), wheat (Nain et al.

2020), and potato (Singh et al. 2006). These are extensively

used in the industry. However, in the past, legume starches

have not been utilized in the industry due to the lack of

intensive research on their properties. Lack of research on

legume starches is also due to the scarcity of pulses in many

countries. Food scientists have started studying new sources

of starch such as legumes to meet a wide range of unique

functional properties and consumer demands. Since signifi-

cant information about the physicochemical properties of

kidney beans is still lacking, there is a need to study their

structure, composition, and properties to widen their indus-

trial application. Due to the presence of high amylose,

legume starches shows high gelation temperature, resistance

to shear thinning, fast retrogradation, high resistance starch

and high gel elasticity (Ambigaipalan et al. 2011).

The most popular packaging material is made of plastic

polymers. The degradation of these plastics is a serious

problem because they are derived from petroleum products

and cause problems during waste disposal (Avella et al.

2005). More than 8 million tonnes of plastic enters the

oceans every year threatening marine life. Plastic waste

kills up to 1 million sea birds, 100,000 sea mammals,

marine turtles, and countless fish every year. Plastic

remains in our ecosystem for years, harming thousands of

sea creatures every day. In addition to this, they are derived

from fossil fuels which are a non-renewable source of

energy and will soon get exhausted in the near future.

Biodegradable materials are those materials that are

degraded by the enzymatic action of micro-organisms such

as bacteria, yeast, fungi and its ultimate degradation into

simpler substances that occur under both aerobic and

anaerobic conditions (Avella et al. 2005).

Out of all the biomaterials used for the formation of

films, starch is the most widely used as it’s easily available,

can be extracted in high yield and is biodegradable and

biocompatible. Native starch films generally display poor

mechanical and barrier properties. Studies have proven that

the use of nano-enforcements improves film properties.

The native and nano starch from same botanical sources

results in improved mechanical and barrier properties of

films due to the identical nature of matrix and filler (Silva

et al. 2019a). Starch nanoparticles prepared by acid

hydrolysis have relatively high crystallinity and stability

and are thus desirable in the food processing industry

where temperatures are high (Aldao et al. 2018). The lit-

erature on the properties of nano starch obtained from

kidney bean starch is limited or not yet studied. The study

was carried out to reduce the kidney bean starch granule

size by a mild acid hydrolysis method and their utilization

in the development of nano starch-based composite films.

Materials and methods

Kidney bean (Phaseolus vulgaris) were procured from the

market of Solan, India. The chemicals used in the study

were of analytical grades and purchased from Loba

Chemical Pvt. Ltd. (Mumbai, India).

Isolation of starch

The steeping method (Sandhu et al. 2005) for starch iso-

lation was used with slight modification. 500 g sample was

steeped (20 h) in 1.25 L of distilled water containing 0.1%

potassium metabisulphite and ground with distilled water

till the development of smooth texture slurry free from any

courser particles. The ground slurry was filtered through

nylon cloth (100 mesh) and the residue was washed

repeatedly with distilled water until it was free of starch.

The filtrate was again filtered through a 420 micron-sized

screen and the obtained slurry was allowed to stand

undisturbed for 4–5 h. The settled starch was separated by

removing the supernatant by suction and centrifuged at
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3000 rpm for 5 min. After removing the upper non-white

layer, starch was obtained, dried in an oven (40 �C for

12 h) and stored in an air-proof container for further study.

Physicochemical properties of starch

The amylose content (Williams et al. 1970); water and oil

absorption capacity (Sosulski et al. 1976); the swelling

power and solubility (Schoch 1964) of starch were deter-

mined by following their respective methods.

Preparation of nano starch

The starch granule size was reduced by acid hydrolysis as

per the procedure described by Kim et al. (2012). The

starch was kept in the 3.16 M sulphuric acid solution for

7 days at 40 �C and after this the mixture was centrifuged

(5000 rpm) for 15 min. The precipitates were washed

successively by centrifugation in distilled water until neu-

tralized. Then the neutralized starch was washed in acetone

and dried in a hot air oven at 45 �C for 10 h.

Characterization of native and nano starch

Size distribution

The size distribution of starch granules was measured using

dynamic light scattering (DLS) at a wavelength of 633 nm.

The sample was diluted in de-ionized water (2 mg/10 mL)

and then it was subjected for analysis. The nano starch

samples were measured at 30 �C without filtering or

removing dust (Zhou et al. 2014).

Surface morphology

Field emission-scanning electron microscopy (FE-SEM)

system and lithography system (NOVA Nano SEM 450,

USA) with an acceleration voltage of 5–30 kV was used to

determine the surface morphology of starch granules. The

native and nano starch from kidney bean were fixed on the

surface of a carbon tape and sputtered with a thin layer of

gold for 60 s before analysis. The 650 9 magnifications

were selected to obtain a representative and clear image.

Preparation of films

For control starch film formulation, 5% (w/w) native

starch, 2.5% (w/w) glycerol and 2 g/L soybean refined oil

were mixed in distilled water up to a final volume of

100 mL. The composite film formulations were made by

using native and nano starch. The nano starch was mixed

with native starch at concentrations of 0.5, 1, 2, 5 and 10%.

For composite films, a mixture of 5% (w/w) native starch

and nano starch, 2.5% (w/w) glycerol and 2 g/L soybean

refined oil were mixed in distilled water up to a final vol-

ume of 100 mL. The film-forming solution was gelatinized

prior to casting in petri dishes. After drying (50 �C for

10 h), films were peeled off (Dularia et al. 2019).

Characterization of films

The film thickness was measured by a Vernier Calliper (Fan

et al. 2016). Moisture Analyser (Mettler Toledo, HE73/01,

Switzerland) was used to determine the moisture content of

films (Mei et al. 2013). ASTME96-00method (ASTM2000)

with slight modification was followed for the estimation of

WVTR. A test cell was used having 30 mL distilled water,

sealed with films and kept in a plastic cup partially filled with

dehydrated calcium chloride. After keeping the test assem-

bly at 25 �C for 24 h, WVTR of the films was calculated

according to the formula:

WVTR g=m2=s
� �

¼ DW
T� A

DW = weight loss of test cell, T = time of storage, A =

area of the exposed film.

The water solubility of films was determined by dipping

the films in water for 24 h (Gontard et al. 1992). The films

were removed from the water and placed in a desiccator to

obtain the final dry weight of the film. The loss in weight

was expressed as solubility (%).

Bursting strength of films was measured by using Tex-

ture Analyser (TA. XT plus, Stable Microsystems, UK).

Film pieces (3 9 3 cm2) were placed on film supporting

rig and a ball probe (SMS P/0.25S, 1/4th-inch diameter)

connected to a load cell was inserted through film sample.

The curve of maximum force (g) peak was presented as

bursting strength (Roy et al. 2020).

Statistical analysis

Statistical analysis of the data was done by one-way

ANOVA using IBM SPSS Statistics Trial Version. Dun-

can’s multiple range (p B 0.05) was carried out the sig-

nificant differences in mean.

Results and discussion

Physicochemical properties of native and nano

starch from kidney bean

Amylose content of native and nano starch

Genetic factors and growing conditions affect the amylose

content in starch. The amylose content of the native kidney
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bean was 7.18 ± 0.53% (Table 1). Du et al. (2014)

reported an amylose content of 32.4% for kidney bean. The

difference in amylose content was due to the variation in

their climatic and ecological conditions (Bharti et al. 2019).

The amylose content of nano starch was not determined.

The amylose content becomes undetectable after extensive

hydrolysis, indicating that the length of residual linear

chains is too short to form a blue iodine complex (Wang

and Copeland 2015).

Water and oil absorption capacity of native and nano

starch

The water and oil absorption capacity for native and nano

starch from kidney bean is shown in Table 1. The water

absorption capacity of native kidney bean starch was

2.40 ± 0.34%. Wani et al. (2010) reported the water

absorption capacity of kidney bean starch in the range of

1.9–2.1 g/g. The association of amylose and amylopectin

molecules affects the water absorption or water-binding

capacity of starches. A higher value of water-binding

capacity is observed if a loose association is found. Oil

absorption capacity is the ability of the dry starch to

physically bind fat by capillary attraction and it is of great

importance, as fat acts as flavor retainer and also increases

the mouthfeel of foods (Singh et al. 2006). The oil

absorption capacity of native kidney bean starch was

observed to be 15.44 ± 0.40%. The water absorption

capacity of kidney bean nano starch was observed to be

54.76 ± 2.14% while the oil absorption capacity was

observed to be 38.14 ± 0.38%. The water absorption and

oil absorption capacity for nano starch were found to be

significantly higher than native starch. This can be asso-

ciated with the extensive hydrolysis of glycosidic linkages,

yielding shorter molecules such as monosaccharides, dis-

accharides, and small oligosaccharides, which are more

hygroscopic than the polysaccharide due to the larger

number of free hydroxyl groups (Ali et al. 2016).

Swelling power and solubility of native and nano starch

The patterns of progressive swelling and solubility of

various starches have been compared over a range of

temperatures to provide information about the relative

strengths of bonding within the granules. The swelling

power and solubility of the native starch and nano starch

were observed at four different temperatures i.e. 60, 70, 80

and 90 �C (Fig. 1). The swelling power of native kidney

bean starch ranged between 2.26 ± 0.15 and 4.32 ± 0.34

(g/g) while swelling power and solubility of nano starch

was ranged between 3.33 ± 0.10 and 8.64 ± 0.85 (g/g).

The swelling power was increased with an increase in

temperature. When starch granules are heated in excess of

water it leads to weakening of the crystalline structure of

starch thereby giving a chance to amylose and amylopectin

molecules to form a hydrogen bond with water, leading to

an increase in the swelling capacity of starch granules

(Singh et al. 2003). The solubility of native kidney bean

Table 1 Amylose content, water and oil absorption capacity of native and nano starch from kidney bean

S. No. Sample Amylose content (%) Water absorption capacity (%) Oil absorption capacity (%)

1 Native starch 7.18 ± 0.53a 2.40 ± 0.34a 15.44 ± 0.40a

2 Nano starch – 54.76 ± 2.14b 38.14 ± 0.38b

Data are presented as mean ± SD (n = 3)

Means with same superscript in a column do not vary significantly (p B 0.05) from each other

Fig. 1 Swelling power (a) and solubility (b) of native and nano

starch from kidney bean
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starch at the four temperatures ranged between

4.26 ± 0.15 and 5.8 ± 0.36%. Nano starch showed higher

solubility and swelling power than native starch. This

might be due to the melting of the crystallites, which may

involve a solvation-assisted helix to coil transition of their

chains. This, in turn, would result in a gain in enthalpy that

would off-set the hydrogen bonding occurring in the

crystalline regions leading to increased swelling and solu-

bility (Leach et al. 1959).

Characterisation of native and nano starch

Dynamic light scattering (DLS)

The size distribution of native starch and nano starch was

carried out by dynamic light scattering. For native starch,

the DLS reading was 433.6 nm at the intensity of 100%

while for nano starch it was 257.7 nm at 100% intensity as

shown in Fig. 2. Sun (2018) reported that the size of starch

nanoparticles (SNPs) ranged between 10 and 300 nm.

SNPs with such size ranges are usually lamellar, spherical,

rod-like, and irregular in appearance. Aggregation of starch

nanocrystals has been attributed to hydrogen bond forma-

tion resulting from the interaction of hydroxyl groups on

the surface of starch nanocrystals (Mukurumbira et al.

2017).

Field emission: scanning electron microscope (FE-SEM)

FE- SEM was used to study the morphological and surface

characteristics of native and nano starch from kidney bean.

The native kidney bean starch granules showed round and

elliptical shapes and no fissures were observed (Fig. 3).

The kidney bean nano starch appeared in agglomerated

form due to acid hydrolysis. The surface had cracks and

dents and the granules were mostly irregularly shaped

except for a few round and elliptical ones. The granules

were both small and large in size. With acid hydrolysis, the

shape of the SNP represents the original structures present

in native starches (Perez Herrera et al. 2016). Variation in

the morphology of starch granules is observed owing to the

different botanical origins, the biochemistry of the amy-

loplast, physiology of the plant, plant species and maturity

(Jane 2006).

Fig. 2 Dynamic light scattering of native (a) and nano starch (b) from kidney bean
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Film preparation

Preparation of native and nano starch-based composite

films from kidney bean

The native kidney bean film was transparent with a rela-

tively smooth surface. The nano starch-based composite

films (NSCF) were prepared by adding a different con-

centration of nano starch in native starch i.e. 0.5, 1, 2, 5 and

10%. As the concentration of nano starch was increased in

the films, the films became more opaque and thicker in

nature. It may be due to the aggregation of nanocrystals

during film formation (Silva et al. 2019).

Characterization of films

Thickness of native and nano starch-based composite films

The thickness of the films is shown in Table 2. The

thickness of the kidney bean NSCF (0.5%) was lower than

the thickness of the native film. The thickness of the kidney

bean starch composite films ranged between 0.20 ± 0.005

and 0.34 ± 0.024 mm. The thickness of NSCF (5%) was

similar to NSCF (10%). Fan et al. (2016) stated that uni-

formity in film thickness is important for achieving good

repeatability of the results of the mechanical tests because

uniform thickness serves as a basis for determining several

functional properties of the films.

Moisture content of native and nano starch-based

composite films

The moisture content of native and nano starch-based

composite films is shown in Table 2. The moisture content

of native kidney bean starch film was observed

11.2 ± 1.25%. The moisture content of kidney bean NSCF

decreased with an increase in the concentration of nano

starch. The most relevant constraint of starch-based mate-

rials is their poor mechanical properties, mainly due to the

high susceptibility of starch to ambient humidity. Thus, one

of the aims is to incorporate fillers to starch matrices to

overcome this limitation by reinforcing composites struc-

ture (Castillo et al. 2017).

Fig. 3 Field emission-scanning electron microscopy of native (a) and
nano starch (b) from kidney bean

Table 2 Thickness, moisture, water vapour transmission rate, solubility and burst strength of native and nano starch-based composite film from

kidney bean

S. No. Sample Thickness (mm) Moisture (%) WVTR (g/m2/s) Solubility (%) Burst strength (g)

1 Native starch film 0.33 ± 0.040c 11.2 ± 1.25c 7.3 9 10-3 ± 1e 10.56 ± 2.71a 1255.7 ± 2.08a

2 NSCF (0.5%) 0.20 ± 0.005a 5.44 ± 0.47b 6.9 9 10-3 ± 2de 33.15 ± 0.87b 1257 ± 2.64a

3 NSCF (1%) 0.23 ± 0.023ab 5.12 ± 0.14ab 6.3 9 10-3 ± 0.1d 46.42 ± 0.93c 1556.7 ± 2.51b

4 NSCF (2%) 0.24 ± 0.002ab 5.04 ± 0.17ab 5.1 9 10-3 ± 0.3c 66.99 ± 1.82d 1763.7 ± 9.86c

5 NSCF (5%) 0.26 ± 0.027c 4.24 ± 0.52a 2.3 9 10-3 ± 0.3b 72.70 ± 1.30e 1942 ± 4.16d

6 NSCF (10%) 0.34 ± 0.024c 4.16 ± 0.26a 1.4 9 10-3 ± 0.05a 72.40 ± 0.52e 2777.7 ± 4.50e

Data are presented as mean ± SD (n = 3)

Means with same superscript in a column do not vary significantly (p B 0.05) from each other

NSCF nano starch-based composite film
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Water vapor transmission rate of native and nano starch-

based composite films

The WVTR of the kidney bean native and composite films

is presented in Table 2. The WVTR of the native starch

film was significantly higher than the composite film con-

taining nano starch. The WVTR for kidney bean NSCF

decreased significantly from 6.9 9 10-3±2 to

1.4 9 10-3±0.05 g/m2/s with an increase in the concen-

tration of nano starch. WVTR of kidney bean films

decreases with an increase in concertation of nano starch.

This decrease in WVTR values in the composite films with

nano starch can be due to nanometric sizes, which increase

the surface-volume ratio and interfere with the mobility of

polymer chains (Fan et al. 2016).

Solubility of native and nano starch-based composite films

The solubility of starch films is shown in Table 2. The

solubility of kidney bean starch films increased with an

increase in the concentration of nano starch from 0.5 to

10%. No significant difference was observed in the solu-

bility of NSCF (5%) and NSCF (10%). Native kidney bean

film showed the lowest solubility of 10.56 ± 2.71%.

Higher concentrations of amylopectin, decreased film sol-

ubility in water, leading to aggregation of starch micro-

granules (Thakur et al. 2019).

Burst strength of native and nano starch-based composite

films

Burst strength measures the amount of force required to

puncture the films and is a measure of mechanical strength.

Native starch films showed the lowest burst strength. The

burst strength of kidney bean NSCF ranged between

1255.7 ± 2.08 and 2777.7 ± 4.50 g (Table 2). The burst

strength of native kidney bean starch film and NSCF

(0.5%) was similar while with increase in the concentration

of nano starch it was observed that the burst strength was

also increased. The results indicate that the incorporation

of nano starch improved the burst strength of the films. The

nanoparticle presents a high specific surface area which

results in better interfacial interaction between filler and

polymeric matrix, which results in an increase of the

nanocomposite strength.

Conclusion

The synthesized nano starch showed higher water solubil-

ity, swelling power, water and oil absorption capacity than

native starch. The addition of nano starch in film formu-

lation resulted in improved film properties of composite

films. The nano starch in film formulation reduced the

WVTR and increased the burst strength of composite films.

Thus, the addition of nano starch has proved an advantage

in improving composite film properties. In relation to nano

starch and packaging films, the scientific information

available on the kidney bean starch is limited. Therefore,

this needs to be explored more as a potential source of

starch besides proteins and other nutrients. Further, uti-

lization of kidney bean starch as a raw material for the

development of food packaging films require more

emphasis in future research.
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