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Abstract Cottonseed meal protein (CSP) film containing nanoclay

and carvacrol was prepared, and the physical properties of the film

were investigated. Nanoclay (Cloisite Na+) incorporation improved

mechanical properties of the CSP film. CSP film containing 3%

nanoclay had tensile strength of 4.07 MPa and elongation at break

of 26.37%. The optimal condition for the CSP film manufacturing

was 3 g cottonseed protein, 3 g fructose, and 0.09 g Cloisite Na+

in 100 mL of film-forming solution. To inhibit the growth of

pathogenic bacteria such as Escherichia coli O157:H7, CSP film

containing carvacrol was prepared, and microbial growth was

examined during bacon packaging and storage using the film. The

antimicrobial activity of the CSP film against E. coli O157:H7

increased with increasing carvacrol concentration. After 10 d of

storage, the population of E. coli O157:H7 inoculated on the

bacon samples packed with the CSP film containing carvacrol

decreased by 1.57 log CFU/g compared to the control. These

results suggest that the CSP film containing carvacrol can be used

as an antimicrobial packaging film.
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Introduction

Biodegradable materials are becoming increasingly popular to

replace plastic materials in the packaging industry. However,

biodegradable materials must demonstrate comparable or better

mechanical properties, water barrier properties, and economic

efficiency compared to synthetic polymers (Grevellec et al., 2001).

Proteins, polysaccharides, and lipids are used as base materials to

make edible films, among which protein-based films have the

most attractive properties, because these films provide better

nutritional value, gas barrier properties, and mechanical properties

than polysaccharide- and lipid-based films (Hanani et al., 2012).

Cottonseed is cultivated for use in fibers in more than 70

different countries and is the second most important protein

source, following soybeans, in the world (Marquie and Guilbert

(2002). The use of cottonseed protein for producing biodegradable

packaging material is cost effective and environmentally friendly

(Marquié et al., 1997; Marquié, 2001). However, cottonseed protein

film requires some improvement in its mechanical properties.

Various cross-linking agents, such as formaldehyde, glutaraldehyde,

and glyoxal, have been used to improve the physical properties of

cottonseed protein-based films (Marquié, 2001). In addition to

cross-linking agents, nanoclay can be used to improve the

physical properties of the protein films (Bae et al., 2009; Luecha

et al., 2010).

It is well known that the addition of small amounts of nanoclay

enhances the tensile strength and thermal stability of protein-based

films (Lam et al., 2005). Montmorillonite (MMT), which is generally

modified through a cationic ion substitution reaction with surface

sodium ions, is a type of nanoclay (Park et al., 2002; Jang et al.,

2011). Chen and Zhang (2006) reported that the dispersion of fine

MMT layers into a soy protein matrix improved the mechanical

strength and thermo-stability of the soy protein film.

With the increase in consumption of ready-to-eat food products,

edible films containing antimicrobials to enhance food safety

against pathogenic bacteria such as Escherichia coli O157:H7

have been studied (Du et al., 2008). Incorporating antimicrobials

into the edible films extends the shelf life of the food products (Ku
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et al., 2008). Carvacrol, which is a major component of oregano

essential oil and thyme (Lagouri et al., 1993; Arrebola et al.,

1994), is generally regarded as safe and has antimicrobial activity

against E. coli O157:H7 (Burt and Reinders, 2003; Zivanovic et

al., 2005). In particular, carvacrol has been applied to potato

puree, table grapes, chicken, and sprouts (Burt et al., 2007;

Martínes-Romero et al., 2007).

Thus, the aims of the present study were to prepare CSP films

from CS oil residue, and to improve the mechanical property and

antibacterial activity of CSP film by the addition of nanoclay and

carvacrol into film-forming solution for use as edible films and for

use in bacon packaging.

Materials and Methods

Materials. Fructose and sorbitol were purchased from Sigma-

Aldrich Chemical Co. (USA). Commercial MMT nanoclay (Cloisite

Na+) was obtained from Southern Clay Co. (USA.). Carvacrol

was purchased from Fluka (USA). Cotton seed (CS) was obtained

from Gyeonggi-do Agricultural Research & Extension Services,

Korea, in 2011. Bacon was purchased from a local market

(Daejeon, Korea), and bacon slices with a uniform weight

(20±1 g) were used for the experiment.

Extraction of cotton seed meal protein. Extraction of CS meal

protein was performed according to the method of Liadakis et al.

(1993). CS meal was mixed with 0.1 N NaOH at a meal-to-

solution ratio of 1:20 (w/v) at 40oC for 30 min with constant

stirring. The mixture pH was adjusted to 12 by the addition of 3 N

NaOH. During the extraction, pH of the suspension was

maintained by adjusting with 0.5 N HCl or 0.5 N NaOH. After 30

min, the product was centrifuged at 2,550 × g for 10 min to

remove any insoluble materials, and the supernatant was filtered

through cheese cloth. The extract was acidified with 2 N HCl until

the isoelectric value was attained. The isoelectric point was

determined to be 4.37. After 30 min, the solution was centrifuged

at 2,550 × g for 10 min, and the precipitated proteins were washed

with distilled water. The protein solutions were subsequently

neutralized and lyophilized.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE). SDS-PAGE was performed according to the

method of Laemmli (1970). Equal amounts of the protein samples

were loaded into each lane for comparison, resolved on a 10%

separation gel, and stained with Coomassie brilliant blue. The

following molecular weight markers were used: myosin (210

kDa), β-galactosidase (117 kDa), bovine serum albumin (97.8

kDa), ovalbumin (55 kDa), carbonic anhydrase (37.5 kDa), soybean

trypsin inhibitor (29 kDa), lysozyme (19.7 kDa), and aprotinin

(6.9 kDa).

Preparation of the film-forming solution. To prepare the CS

meal protein (CSP) film, 3 g of CSP was dissolved in 100 mL of

distilled water and mixed with 3 g of fructose as a plasticizer.

Cloisite Na+ was prepared by dispersing various amounts (1, 3, 5,

and 7%, w/w) of nanoclay into 100 mL distilled water and then

stirring for 24 h. Subsequently, 3 g of CSP and 3 g of fructose

were dissolved into a nanoclay solution. The film-forming solution

was conditioned in a water bath at 90oC for 30 min and adjusted

to 75oC. Varying amounts of carvacrol were added to 100 mL of

the film-forming solution to obtain final concentrations of 0.4, 0.6,

and 1.0% (w/v) of carvacrol.

Film casting and drying. Film-forming solutions were strained

through the cheese cloth and cast onto flat, Teflon-coated glass

plates (24×30 cm). A uniform film thickness was maintained by

casting a constant quantity of film-forming solution onto each

plate. The plates were dried at 25oC for 24 h. Dried films were

peeled intact from the casting surfaces, and test specimens were

sectioned for water vapor permeability (2×2 cm) and tensile

strength (2.54×10 cm) tests.

Measurement of tensile strength and elongation. The tensile

strength (TS) of the film and the elongations at break (E) were

determined using an Instron Universal Testing Machine (Model

4484, Instron Co., USA) according to ASTM method D638M.

The film specimens were conditioned in an environmental

chamber at 25oC and 50% relative humidity (RH) for 24 h. An

initial grip distance of 5 cm and a cross-head speed of 50 cm/min

were used. TS was calculated by dividing the maximum load of

a specimen by the initial cross-sectional area, and E was expressed

as the percent change from the initial gauge length of a specimen

at the point of sample failure. Five replicates of each film were

tested.

Determination of film thickness. The film specimens were

conditioned in an environmental chamber at 25oC and at 50% RH

for 2 days. The film thickness was measured at five random

positions using a micrometer (Mitutoyo, Model No. 2046-08,

Japan), and the mean value was determined.

Measurement of water vapor permeability. The water vapor

permeability (WVP) of the edible films was determined at 25oC

and 50% RH using the method of Hong et al. (2009). A

polymethylacrylate cup (20 mL) was filled to 1 cm with distilled

water and was covered with a film specimen that was conditioned

in an environmental chamber at 25oC and 50% RH. The weight

loss of the cup was measured over time, and the slope was

calculated using linear regression analysis. The WVP (ng m/m2s

Pa) was then calculated using the following formula:

WVP=(WVTR × L)/∆p,

where the water vapor transmission rate (WVTR) is calculated by

dividing the slope by the open area of the cup, L is the mean film

thickness, and p is the corrected partial vapor pressure difference

across the film specimen.

Culture preparation. E. coli O157:H7 (NCTC 12079) was

cultured at 37oC for 24 h in 50-mL conical tubes containing 25

mL Luria-Bertani (LB) broth (Difco, USA).

Diffusion test for antimicrobial activity. The antimicrobial

activity of the film containing carvacrol was determined using

agar diffusion method. Tryptic soy agar (Difco) was spread with



J Korean Soc Appl Biol Chem (2012) 55, 651−656  653

E. coli O157:H7 (0.1 mL). Discs (10 mm in diameter) were cut

from the films and placed onto the inoculated plates. After

allowing the carvacrol to diffuse for 3 h at 4oC, the E. coli

O157:H7 plates were incubated at 37oC for 24 h. Each microbial

count was determined as the mean of three replicates, and the

inhibition zone was measured in millimeters using a Digimatic

caliper (Model 500-181-20, Mitutoyo Corp., Japan).

Inoculation of pathogens on bacon. E. coli O157:H7 was

incubated at 37oC in LB until the count reached 106 CFU/mL. E.

coli O157:H7 (1 mL) was spread evenly onto the bacon surface

with a sterile glass rod and allowed to rest for 30 min. The initial

inoculation levels of E. coli O157:H7 in the bacon samples were

6.63 log CFU/g. The bacon was packed in direct contact with the

CSP film or the CSP film containing 0.6 g carvacrol/100 mL by

wrapping. The samples packed in the polyethylene terephthalate

(PET) film were used as a control. All of the samples were stored

at 4±1oC.

Microbiological analysis. The inoculated bacon samples (10 g

each) were placed in 90 mL of 0.1% peptone water. The samples

were homogenized for 3 min in a sterile bag using a Stomacher

(MIX 2, AES Laboratoire, France), filtered through sterile cheese

cloth, and diluted with 0.1 g of peptone water/100 g water to measure

microbial counts. Serial dilutions were performed in triplicate on

each selective agar plate. E. coli O157:H7 counts were determined

by plating appropriately diluted samples onto MacConkey agar

(Difco). To quantify the E. coli O157:H7 population, each plate

was incubated at 37oC for 24 h. Each microbial count was

calculated as the mean of three determinations, and the microbial

counts were expressed as log CFU/g.

Statistical analysis. Analysis of variance and Duncan’s multiple

range tests were performed to analyze the data using the SAS

program version 8.1 (SAS Institute, Inc., USA). Differences at

p <0.05 were considered significant. All results are expressed as

the mean ± standard deviation.

Results and Discussion

SDS-PAGE. The SDS-PAGE profile of the CSP extracted from

CS meal shows that the CSP bands were between 10 and 55 kDa

(Fig. 1). The approximate molecular weights of the main bands

were 55.5, 48.7, 23.1, and 13.6 kDa, which corresponded to

albumins and globulins. Similar to our results, Sadeghi and

Shawrang (2007) reported that the major components of CSP

were globulin 9S, globulin 5S, and albumin 2S, with molecular

weights of 55.2 and 48.8 kDa; 24.1, 23.4, and 21.5 kDa; and 19.8,

15.2, and 13.9 kDa, respectively. Saroso (1989) has also reported

that CSP components are primarily globulins (60%) and albumins

(30%), with much lower proportions of prolamins (8.6%) and

glutelins (0.5%).

Mechanical properties of films. Plasticizers affect the physical

properties of films, depending on their concentration, size, and

shape (Cho and Rhee, 2002; Wan et al., 2005). Plasticizers disrupt

intermolecular interactions between polymer molecules, resulting

in a decrease in brittleness and an increase in flexibility (Shaw et

al., 2002). Various plasticizers have been used in CSP films (data

not shown), and fructose was selected as the best plasticizer,

resulting in a TS of 3.17 MPa and an E of 44.25%. Shin et al.

(2011) and Jang et al. (2011) also reported that fructose-containing

edible films have higher TS and E values than sorbitol-containing

films, possibly because fructose has more favorable interactions

with the reactive groups of the CSP polymer than other

plasticizers (Jang et al., 2011).

The incorporation of nanoclay into the CSP film enhanced the

mechanical properties of the film (Table 1). The TS of nanocomposite

films increased significantly (p <0.05) with increasing amounts of

Cloisite Na+, with the highest TS value at 5% Cloisite Na+. Bae

et al. (2009) reported that the TS of fish gelatin films were

increased by the addition of Cloisite Na+. The TS of chitosan films

was also increased by the addition of Cloisite Na+ (Xu et al.,

2006). The increase in TS by the addition of Cloisite Na+ can be

explained by the formation of an exfoliated state and uniform

Fig. 1 SDS-PAGE profile of cottonseed protein. (A) molecular weight
marker proteins, (B) cottonseed protein

Table 1 Physical properties of the cottonseed protein/Cloisite Na+ film

Cloisite Na+

(%)
Thickness

(µm)

Tensile 
strength
(MPa)

Elongation
(%)

Water vapor 
permeability
(ng m/m2sPa)

0 68.20±5.75a 3.17±0.15c 44.25±2.61a 2.89±0.16a

1 53.87±4.72c 3.81±0.19b 26.40±5.37b 2.58±0.08b

3 59.53±5.71bc 4.07±0.20ab 26.37±7.53b 2.77±0.07ab

5 61.47±2.96ab 4.12±0.26a 15.08±7.35c 2.80±0.07a

Means ± SD
Values in a column followed by different superscript letters are signifi-
cantly different (p <0.05).
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dispersion of Cloisite Na+ molecules in the CSP matrix (Jang et

al., 2011). In addition, the negative charge in Cloisite Na+ has high

affinity and interactions such as hydrogen bonding with CSP

(Chen and Zhang, 2006). However, the E of the composite film

decreased significantly (p <0.05) with the addition of Cloisite Na+.

Similar to our results, Lepoittevin et al. (2002) also reported that

the E of poly(e-caprolactone) decreased with the addition of

Cloisite Na+. The decline in E values appears to be due to the

presence of unexfoliated aggregates (Fornes et al., 2001).

The addition of nanoclay enhanced the water vapor barrier

properties of the CSP film. All of the films exhibited lower WVPs

than that of the pristine CSP film, due to the barrier properties of

the nanoclay. The enhanced water vapor barrier properties of the

CSP composite film is primarily attributed to the layered structure

of the nanoclay, which retards the transmission of moisture

through the CSP matrix (Park et al., 2002). Overall, based on the

physical properties of CSP, 3% Cloisite Na+ was the most

desirable content for the composite film.

The CSP films containing various amounts of carvacrol were

prepared to provide the antimicrobial activity (Table 2). The film

without carvacrol had a TS of 4.07 MPa and an E of 26.37%,

whereas the film containing 0.6% carvacrol had a TS of 3.51 MPa

and an E of 31.31%. The addition of carvacrol to the CSP film

significantly decreased the TS and slightly increased the E.

Ravishankar et al. (2009) also reported that the TS of apple-based

film decreased and the E increased following the addition of

carvacrol. These results are consistent with a previous study by

Rojas-Guaü et al. (2007), where the TS decreased and the E

increased following the addition of carvacrol. To explain this

difference, Benavides et al. (2012) reported that the addition of

oregano essential oil to the film affected its ionic interactions,

resulting in a decrease in the intermolecular forces along the

polymer chains. For the same reason, the flexibility of the film

was improved by the addition of carvacrol, resulting in a decrease

in the TS and an increase in the E. The WVP of the films

increased up to an addition of 0.6% carvacrol. Du et al. (2008)

also reported that the addition of carvacrol increased the WVP of

tomato films, which is in agreement with the present investigation.

This finding is most likely due to the chemical nature of carvacrol,

as carvacrol could affect the intermolecular interactions of the

structural matrix in the CSP films and increase the vapor transfer

across the film (Pranoto et al., 2005). WVP of the CSP film was

slightly decreased by the addition of 1% carvacrol, differently

from 0.6% carvacrol. Similar to our results, Zivanovic et al.

(2005) also reported that WVP of chitosan film was significantly

decreased by the addition of 1% oregano oil. The reason for the

decrease of WVP by the addition of 1% carvacrol might be due

to the decrease of hydrophilic portion by the addition of carvacrol

(Benavides et al., 2012).

Antimicrobial activity of films. The antimicrobial activity

against E. coli O157:H7 in CSP films containing carvacrol is

presented in Table 3. The antimicrobial activity of the films was

expressed as the size of the inhibition zone. The inhibition zone

for E. coli O157:H7 increased with increasing concentrations of

carvacrol from 0.4 to 1%. One percent carvacrol had the highest

antimicrobial activity with a 19.0 mm inhibition zone. Lim et al.

(2010) also reported the antimicrobial activity of Gelidium corneum

(GC) films containing carvacrol. Accordingly, these results show

that CSP films containing carvacrol can be used for antimicrobial

packaging of foods. Based on the mechanical properties and the

antimicrobial activity of the films, the appropriate carvacrol

content for bacon packaging is 0.6%.

Table 2 Mechanical properties of the CSP film containing various
concentration of carvacrol

Carvacrol
(%)

Thickness
(µm)

Tensile
strength
(MPa)

Elongation
(%)

Water vapor 
permeability
(ng m/m2sPa)

0 59.53±5.71a 4.07±0.20a 26.37±7.53a 2.77±0.07ab

0.4 64.40±5.92b 3.35±0.25bc 29.79±4.32a 2.73±0.03b

0.6 64.47±2.39b 3.51±0.16b 31.31±3.55a 2.93±0.05a

1.0 67.80±4.54b 3.18±0.09c 30.55±5.06a 2.69±0.13b

Means ± SD
Values in a column followed by different superscript letters are signifi-
cantly different (p <0.05).

Table 3 Antimicrobial activity of the CSP-carvacrol film against E. coli
O157:H7

Carvacrol
(%)

Diameter of inhibition zone (mm)

E. coli O157:H7

0.0 00.00±0.00d

0.4 13.54±0.46c

0.6 16.18±0.22b

1.0 19.00±0.35a

Means ± SD
Values in a column followed by different superscript letters are signifi-
cantly different (p <0.05).

Fig. 2 Change in the populations of E. coli O157:H7 in bacons during
storage at 4oC.
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Microbiological analysis of bacon packed with the CSP film.

The microbial growth of a typical pathogenic bacterium, such as

E. coli O157:H7, inoculated on bacon wrapped with the carvacrol

(0.6%)-containing CSP film was monitored during storage at 4oC

(Fig. 2). The initial inoculum level of E. coli O157:H7 in the

bacon samples was 6.63 log CFU/g. The populations of E. coli

O157:H7 in the bacon increased during the first 2 days after

inoculation and then decreased during 10 days of storage. Min and

Oh (2009) also reported a decrease in the populations of E. coil

O157:H7 in beef samples during storage at 4oC. The reason for

the decrease during 10 days of storage might be due to low

temperature, at which an inhibitory effect on the growth of E. coli

O157:H7 occurs. After 10 days of storage, the population of E.

coli O157:H7 for the control was 5.54 log CFU/g, whereas the

population of the bacteria for the bacon wrapped with the CSP

film was 4.72 log CFU/g, which was lower than the control

probably due to low available oxygen content inside the CSP film

packaging. In particular, the population of the bacteria for the

bacon wrapped with the CSP film containing 0.6% carvacrol was

3.97 log CFU/g, which represents a decrease of 1.57 log CFU/g

compared to the control. Oussalah et al. (2004) also reported that

the incorporation of oregano essential oils, whose main component

is carvacrol, into milk protein-based films decreased the population

of E. coli O157:H7 in the whole beef muscle by 1.12 log CFU/g.

Lim et al. (2010) also reported that the incorporation of carvacrol

into GC films enhances antimicrobial activity, which is in

agreement with our results. The antimicrobial activity of carvacrol

is due to the hydroxyl group of its unique chemical structure,

which depletes the ATP pool, resulting in cell death (Ultee et al.,

2002).

In summary, edible protein films were prepared using CSP

extracted from CS meal. The incorporation of 3% nanoclay

(Cloisite Na+) into the CSP film-forming solution enhanced the

TS of the CSP film, and the CSP film containing 0.6% carvacrol

exhibited antimicrobial activity against E. coli O157:H7 inoculated

on bacon. These results suggest that the CSP/nanoclay composite

film containing carvacrol can be used in bacon packaging.
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