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ABSTRACT: The use of conventional petroleum-based plastics in many applications poses the risk of contamination, potentially caus-

ing infection when used in medical applications, and contamination when used in food packaging. Nontraditional materials such as

protein are being examined for their potential use in the production of bioplastics for applications that require uncontaminated

materials. The proteins of albumin, soy, and whey provide possible sources of raw material for bioplastic production, as they have

already been utilized in the area of edible films and low-stress applications. We conducted this study to investigate the thermal, visco-

elastic, and antibacterial properties of the albumin, soy, and whey bioplastics with the use of three plasticizers—water, glycerol, and

natural rubber latex (NRL). Bacillus subtilis and Escherichia coli were utilized as Gram (1) and Gram (2) species, respectively, for

antimicrobial analysis. Albumin and whey bioplastics exhibited similar thermal and viscoelastic properties, whereas soy bioplastics

had varied viscoelastic properties based on the plasticizer used. In terms of antibacterial activity, the albumin–glycerol and whey–glyc-

erol were the best bioplastics, as no bacterial growth was observed on the plastics after 24 h of inoculation. In terms of the future

impact of this research, the aim will be to scale up production of the bioplastics for use in food packaging as well as biomedical

applications. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41931.
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INTRODUCTION

The cost of contamination through conventional plastics in

numerous applications has been examined for the material

being wasted, as well as the physical harm done to individuals.

For instance, in 2002, 4.5 out of every 100 hospital admissions

resulted in a hospital-acquired infection in the United States,

with over 99,000 deaths being the end result.1 There is also a

fiscal cost to hospital-acquired infections, as a sustained illness

will require additional hospital visit. In a study by Gould, an

outbreak of methicillin-resistant Staphylococcus aureus (MRSA)

would result in a doubling of the cost of a hospital visit, with

an overall cost between 1.5 and 4.5 billion dollars in the United

States on a yearly basis.2 Based on the findings by Neely and

Maley, both MRSA and vancomycin-resistant enterococci (VRE)

were able to survive at least 1 day when inoculated onto the

surface of materials commonly used in healthcare applications,

with some microorganisms being able to survive for more than

90 days.3 It is because of these issues that materials that could

provide antimicrobial properties are being examined for bio-

medical applications, as that would help in containing or reduc-

ing the hospital-acquired infections.

Another area in which contamination is a notable risk is the

food packaging, where the material is in contact with food that

will be consumed. According to a review study by Lau and

Wang, there are five different aspects in which traditional plas-

tics will contaminate food: the gradual degradation of the plas-

tic that contains the food, volatiles such as benzene that are

incorporated in the molecular structure of the plastic; contami-

nation caused by the environment; contamination due to the

processing agents used to produce the plastics; and other con-

taminants that are specific to the type of monomer utilized.4

Food contamination by traditional plastics is caused by the use

of a polymer that was not incorporated in the food product

itself, leading to the migration into the food. There are three

interrelated stages that occur when food becomes contaminated

by the plastic packaging: diffusion that occurs within the poly-

mer, solvation of the migrant at the food–polymer interface,

and the dispersion of the migrant into the bulk of the food

product.4

To determine alternative materials such as proteins to be used

in plastics, thermal and viscoelastic analysis must first be con-

ducted to determine their suitability for the given application.

In a study by Sharma et al., the protein albumin from egg white

denatures at a temperature of 136.5�C 6 3�C, ensuring protein’s

ability to orient and form a bioplastic.5 This alteration of the

protein orientation was due to the breaking of hydrophobic
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interactions and hydrogen bonds of the protein itself, allowing

the bioplastic to form. Moreover, bioplastics undergoing cyclic

loading multiple times did not cause failure, a phenomenon

typically associated with conventional plastics.5 Another protein

that has been used extensively in the production of bioplastics

is soy protein isolate (�90–95% protein). In a study by Paetau

et al., the optimal temperature of soy plastic thermomechanical

molding was between 120 and140�C, as higher temperature led

to thermal degradation and affected properties during molding.6

The tensile and viscoelastic properties of the resulting bioplas-

tics were highly dependent on the moisture content of the soy

protein and the molding temperature. For instance, soy protein

with a lower moisture content possessed greater tensile proper-

ties when molded at 120�C, whereas soy protein with a higher

moisture content exhibited higher tensile properties when

molded at 140�C.6 Whey protein, byproduct of cheese produc-

tion, would also be a suitable choice for bioplastic production,

as it has been used extensively in the area of edible film.7 For

whey proteins, the minimum temperature of molding into a

film was 104�C, with degradation starting above 140�C.8

It is because of the contamination issue with traditional plastics

in applications where contamination is possible that biopoly-

mers made from proteins are being examined for their potential

use in medical applications. In a review conducted by Qiu

et al., it was found that biopolymers could promote antimicro-

bial activity in three ways: the creation of an antiadhesive sur-

face, the disruption of cell–cell communication through

antibacterial agents, or lysing the cell membrane to kill the bac-

teria.9 Albumin protein (not in bioplastic film) has been studied

for its antimicrobial in clinical research and treatment. Albumin

is able to exhibit antimicrobial properties through its enzyme,

lysozyme that utilizes a lysis reaction to kill cells.10 Another

protein that could be utilized in applications that require anti-

microbial properties is whey. Whey has been found to contain

immunoglobulins and glycomacropeptides, constituents that

bind toxins and help prevent bacterial infection.11 It is also pos-

sible to promote the antimicrobial activity of protein-based bio-

plastics through the use of additives, which possess

antimicrobial activities. For instance, when additives such as

grape seed extract and nisin were added to the soy protein dur-

ing plastic production, the plastic inhibited microbial growth.12

In another study, wheat gluten and egg white bioplastics loaded

with bioactive agents, formic acid, and oregano essential oil

demonstrated antimicrobial activity.13 Also of note are the areas

of antifouling and antiadhesive properties of plastic surfaces to

prevent microbial adhesion to the surface.14 Our objectives in

this study were to determine the thermal and viscoelastic prop-

erties of albumin, soy, and whey bioplastics through the use of

water, glycerol, and natural rubber latex (NRL) plasticizers, and

to evaluate the antibacterial properties of these bioplastics.

MATERIALS AND METHODS

Materials

Albumin (purity� 99%) and ultra-high-molecular-weight poly-

ethylene powder (particle sizes of 53–75 mm) were obtained

from Sigma-Aldrich Corporation (St. Louis, MO); the soy pro-

tein edible (protein content� 72%) was acquired from MP

(Solon, OH); and the biPro whey protein (purity� 99%) was

obtained from Davisco Foods Int’l (Le Sueur, MN). Plasticizers

were purchased through various sources: deionized water was

supplied by a water filtering system in the lab; glycerol was

obtained from Sigma-Aldrich with a purity �99%. A 70% solid,

30% water mixture of NRL (pH 5 10.8) was acquired from the

Chemionics Corporation (Tallmadge, OH). In a study by Tara-

chiwin et al. on natural rubber from Hevea brasiliensis, the

small rubber particles showed mean diameter <250 nm whereas

larger rubber particles showed mean diameter >250 nm.15 For

antibacterial analysis, various materials were purchased for test-

ing: bacto tryptic soy agar and broth from Bectin, Dickinson

and Company (Sparks, MD); Dey-Engley neutralizing broth

from Remel (Thermo Scientific, Suwanee, GA); agar–agar solu-

tion that consisted of granulated agar–agar from EMD (Gibbs-

town, NJ); sodium chloride from Baker (Phillipsburg, NJ); and

phosphate-buffered saline solution from HiMedia (Mumbai,

India). The bacterial species of Bacillus subtilis [Gram (1)] and

Escherichia coli [Gram (2)] were provided through Dr. Jennifer

Walker and the Department of Microbiology at the University

of Georgia.

Thermal Analysis of Raw Material

Thermal gravimetric analysis (TGA) was performed using a

Mettler Toledo TGA/SDTA851e, with material examined from

25 to 500�C under a N2 atmosphere with a heating rate of

10�C/min. Differential scanning calorimetry (DSC) was per-

formed using a Mettler Toledo DSC821e, with materials

examined from 250 to 250�C under a N2 atmosphere with a

heating rate of 10�C/min. For all sample testing, the weight

of each sample was set between 2.0 and 4.0 mg to ensure

consistent results and determine optimum plastic molding

conditions.

Preparation of Compression Molded Samples

The molding of bioplastic blends was performed on a 24-ton

bench-top press (Carver Model 3850, Wabash, IN) with electri-

cally heated and water-cooled platens. Stainless steel molds were

used to form dog bone-shaped bioplastics for antibacterial plas-

tic analysis. To form the plastics, protein and plasticizers were

mixed manually in predetermined w/w ratios to be placed into

the molds (as indicated throughout the article). The mixture of

protein and plasticizers was prepared in small batches of varying

masses based on density of materials for dog bone plastics

(�6 g for albumin and soy, �5 g for whey, and �4 g for poly-

ethylene), while the DMA flexbars were made of 2 g of plasti-

cized proteins. Subsequently, the mixture was filled into the

flexbar and dog bone cavity of the stainless steel molds, with

plungers placed on top of the molds to prevent the mixture

from leaking. After covering with a plunger, the molds were

then compressed for a 5-min molding time at 12�C, followed

by a 10-min cooling period for the protein plastics. For the

polyethylene plastics, a 20-min compression molding time at

150�C followed by a 10-min cooling period was used. Both the

bioplastic and polyethylene samples were prepared under a pres-

sure of at least 40 MPa, as a certain minimum amount of pres-

sure must be applied in order to be able to mold a plastic.16

After the samples were cooled for 10 min under pressure, the

pressure was released and the samples were removed. The
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plastic samples were conditioned at 21.1�C and 65% relative

humidity for 24 h before characterization through dynamic

mechanical analysis (DMA) and antibacterial testing.

Dynamic Mechanical Analysis

DMA flex bars of the protein plastics were analyzed for their

viscoelastic properties through the use of DMA17 by using a

DMA 8000 Dynamic Mechanical Analyzer from Perkin Elmer.

The analyzer examined the viscoelastic properties of the plastics

by determining both the storage and loss modulus. The two

types of moduli differ by which storage modulus (E0) is an indi-

cation of the elastic region of the material where energy is

stored, while loss modulus (E00) is the amount of energy that is

dissipated through heat in the viscous region. The resulting

moduli were then put in ratio form (E00/E0) to calculate tan d,

which denotes the viscoelasticity of a given material.18 DMA

was conducted from 25 to 160�C, with a temperature ramp of

2�C/min. The settings of the analyzer were set to dimensions of

9 3 2.5 3 12.5 mm3 using a dual-cantilever setup at a fre-

quency of 1 Hz with a displacement of 0.05 mm. Each sample

type was analyzed in duplicate.

Mechanical Properties

The mechanical properties of the conditioned plastics were

measured by using the Instron testing system (Model 3343)

interfaced with the Blue Hill software. The test was performed

according to the standard test method for tensile properties of

plastics (ASTM D 638-10, Type I) with a 5 mm/min crosshead

speed, a static load cell of 1000 N, and a gauge length of 4 cm.

Samples were run in quintuplicate (n 5 5) for each blend type

in order to ensure precise measurement.

Antibacterial Testing of Plastics

The antibacterial properties of the conditioned plastics were

measured using the ASTM E 2180-01 standard test method, in

which the aqueous-based bacterial inoculum remains in close,

uniform contact in a “pseudo-biofilm” state with the bioplastic.

For each blend type, the Gram (1) specie B. subtilis and the

Gram (–) specie E. coli were used as challenge bacterial cells to

determine the efficacy of bacterial growth on the plastic surfa-

ces. After equilibration of standardized culture banks of 1–5 3

108 cells/mL through the use of dynamic light scattering analy-

sis, 1 mL of the culture was applied to 100 mL of agar slurry

for inoculation. Once inoculated, the slurry was then applied to

a 9-cm2 area of the bioplastics that had been swabbed with

phosphate-buffered saline to promote adhesion by reducing sur-

face tension. After the appropriate time of application of agar

(within 1 h for 0-h samples and at least 24 h for 24-h samples

after incubation), the agar was removed through the use of neu-

tralizing broth, followed by sonicating and vortexing each for 1

min. The neutralizing broth containing the agar was diluted five

times in a 1021 dilution set, and then the dilutions were applied

to tryptic soy agar plates, which were incubated for 24 h at

37�C. After incubation, the culture plates were counted for

microbial growth and averaged to determine colony-forming

units (CFU)/mL. Samples were run in triplicate (n 5 3) for each

protein–plasticizer combination (as well as the polyethylene

plastic control sample) in order to ensure accurate

measurement.

Statistical Analysis

Statistical analyses were performed by fitting a regression model.

For each plastic–plasticizer blend tested, bacterial growth for 0-

and 24-h samples was analyzed by fitting two-way ANOVA

using the statistical software of SAS and R. Box–Cox transfor-

mations were used to determine the appropriate transforma-

tions needed to satisfy the normality assumptions of the

experimental errors. As the dataset has several very big and

small values, Cook’s distances were examined to ensure that no

individual observation is an outlier that influences the

conclusions.

RESULTS AND DISCUSSION

Material Analysis

Thermal Properties of Proteins and Bioplastics. An initial

degradation peak (Figure 1) was observed for both soy and

whey between 70 and 80�C, indicative of bound moisture loss,

while for albumin it was between 220 and 230�C.19 Much larger

degradation peaks started at different temperatures for each of

the proteins: 245–250�C for the albumin powder; 190–200�C
for soy protein; and 200–210�C for the whey protein. At the

end of the TGA run, 75% of the protein powders degraded, as

the proteins were similar in the overall level of degradation due

to the burning of the proteins (Figure 1). These results were

similar to the results obtained in the work conducted by

Sharma and Luzinov.20 When compared to the optimum blends

(Figure 2) of bioplastics, degradation peaks depended upon the

plasticizer used, as plastics blended with water possessed similar

thermal degradation peaks in comparison to plastics that did

not contain any plasticizer. However, bimodal degradation peaks

were witnessed in plastics prepared with glycerol and NRL, as

the glycerol-based albumin and whey bioplastics possessed deg-

radation peaks between 240 and 250�C (below protein degrada-

tion peaks between 300 and 315�C) while the NRL in albumin

and soy bioplastics would degrade at temperatures higher than

the proteins (�375�C). This occurs due to the glycerol21 and

natural latex22 that are bound within the plastics to begin

degrading at temperatures that differ to glycerol or NRL that is

not bound within a plastic For the DSC data, endothermic dips

occurred at varying temperatures: a small peak beginning at

75�C, with a broad peak at 120–125�C for albumin19; a narrow

peak starting at 50�C and a broad peak at 85–90�C for soy; and

a narrow peak beginning at 35�C, with a broad peak at 80–

85�C for whey protein. These peaks indicated that the material

had fully denatured at lower temperatures for soy and whey

(80–90�C) due to higher bound moisture levels, whereas albu-

min denatured at a higher temperature between 120 and 125�C.

An endothermic decomposition or pyrolysis peak occurred at

250�C for all the proteins, which exhibited the onset of degra-

dation, as amino acids degrade at temperatures in this region.

Therefore, the protein-based bioplastics were molded at 120�C
to minimize thermal degradation while ensuring full denatura-

tion leading to bioplastics. When these results are compared to

bioplastics that have been blended with plasticizers (Figure 3),

the curves are similar in shape and peak areas unless water was
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utilized as a plasticizer. In this case, endothermic peaks in albu-

min and whey bioplastics occurred between 220 and 225�C,

while in soy plastics the endothermic peaks occurred between

180 and 185�C. One potential reason for this lowering of glass

transition and degradation temperatures is the addition of water

in the plastic increased polymer–water interactions to the detri-

ment of polymer–polymer interactions.23 As it has been postu-

lated that the effectiveness of plasticizers for bioplastics is highly

dependent upon how they affect hydrogen bonding or hydro-

phobic interactions,24 that may be why this property is wit-

nessed only in water-plasticized bioplastics.

Dynamic Mechanical Analysis. In the albumin19 and whey plas-

tics, we found that the plastics made with the plasticizers of

water and glycerol had similar properties, as each had tan d
peaks occurring at lower temperatures in comparison with plas-

tics plasticized with NRL [Figure 4(a,c)]. While the albumin and

whey bioplastics plasticized with water and glycerol possessed

similar viscoelastic properties, the bioplastics plasticized with nat-

ural rubber possessed a lower initial tan d, with the tan d peak

occurring at higher temperatures, as well as a higher initial mod-

ulus. These results point to higher levels of protein–glycerol or

protein–water interactions and less protein–protein interactions

in the thermoplastic hydrophilic polymers (albumin or whey),

thereby shifting the tan d peaks (glass transition) to lower

Figure 1. Thermographs of pure protein powders: (a) TGA and (b) DSC.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. Thermogravimetric analysis of optimal protein plastic blends:

(a) albumin, (b) soy, and (c) whey. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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temperature with higher initial tan d values as well as dropping

the elastic modulus (E0) than plastics that do not possess any

plasticizer.25 Moreover, the bioplastics produced in the absence of

plasticizers were stiff as evident from the higher elastic or storage

modulus throughout the temperature of DMA testing. This phe-

nomenon explains the breaking of protein–protein interactions

Figure 3. Differential scanning calorimetry of optimal protein plastic

blends: (a) albumin, (b) soy, and (c) whey. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Dynamic mechanical analysis of optimal protein plastic blends:

(a) albumin, (b) soy, and (c) whey. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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and favoring the protein–plasticizer interaction, thereby produc-

ing flexibility in the resulting bioplastics. However, NRL seems

less effective plasticizer for albumin or whey proteins as we see

resulting bioplastics behaving more or less like stiff material with

higher elastic modulus and lower tan d values.

The soy–glycerol and soy–water plasticized plastics displayed the

highest modulus and lowest initial tan d, as well as the highest

tan d peak temperatures when compared to their counterpart

proteins, albumin, and whey; these findings were consistent

with the work by Zhang et al. Soy proteins possess strong intra-

molecular and intermolecular interactions, such as hydrogen

bonding, dipole–dipole, charge–charge, and hydrophobic inter-

actions, that promote stiffness or brittleness of soy plastics.

Glycerol and water may be unable to break up intermolecular

bonds to the same level as in whey- and albumin-based plas-

tics.26 However, the opposite was found for the soy–NRL

plastics, as they possessed the highest initial tan d values and

lowest initial modulus, differing from the albumin–NRL and

whey–NRL plastics [Figure 4(b)]. The possible explanation is

that NRL-plasticized soy plastics had less dispersed rubber par-

ticles (or probably bigger phases of rubber particles), leading to

a ductile material compared to NRL-plasticized whey and albu-

min plastics. These phenomena were also corroborated in the

tensile performance as presented in the next section.

Tensile Testing. In terms of the amount of strain placed on the

plastics, the albumin/water bioplastics were able to withstand

the most strain by far, extending over 70% on average before a

ductile break [Figure 5(a–d)]. When the plastics are compared

based on protein content, the NRL-plasticized albumin bioplas-

tics failed at the stress levels over 14 MPa, while the water- or

glycerol-plasticized bioplastics failed near 8 MPa. These findings

could have been due to increased hydrogen bonding that occurs

during plasticization when plasticized with water or glycerol,

while the NRL (because of more protein–plasticizer interaction)

could serve as an additional load-bearing constituent in the

plastic.19

Figure 5. Tensile properties of optimal protein plastic blends: (a) stress–strain curves, (b) elongation, (c) modulus, and (d) ultimate tensile strength. Gly,

glycerol; NRL, natural rubber latex. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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For soy plastics, poor tensile properties were evident, as the

plastic that was able to withstand the greatest amount of load

(soy/glycerol) was only 7.5 MPa with brittle fracture, consistent

with the findings made by Schilling et al.27 This lack of ability

for the soy plastics to undergo high stress or strain may be due

to the soy protein lacking the ability to form a structure that

possesses long-range orientation when plasticizers are utilized.

As for the whey plastics, the whey plastics that have been plasti-

cized with water performed similarly to the albumin/water plas-

tics. The whey/water plastics were able to withstand only 27.5%

of strain before breaking, but able to withstand over 8 MPa of

stress. For whey protein it was found that when glycerol is used

as a plasticizer, the plastic was able to withstand 12.5 MPa of

stress and 9.8% of extension before failure, an extension that

was similar to observe by McHugh and Krotcha.28 When plasti-

cized with NRL, the whey plastics possessed minimal tensile

properties, as the protein may not be able to form a suitable

structure during plasticization.

When the plastics are compared to each other based on elonga-

tion and modulus, we determined that the albumin plastics pre-

pared with water possessed higher levels of elongation

compared to any other plastic, but whey blended with NRL

plastics possessed the highest modulus values [Figure 5(b)]. In

comparison, the soy plastics possessed few tensile properties

that would be comparable to the other proteins, as the modulus

in the soy/glycerol plastics was the only tensile property that

was similarly seen in other protein plastics.

Figure 6. Antibacterial analysis of albumin protein plastic blends. PE,

ultra-high-molecular-weight polyethylene; AW, 75/25 albumin–water; AG,

75/25 albumin–glycerol; ANR, 75/25 albumin–NRL. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Antibacterial analysis of soy protein plastic blends. PE, ultra-

high-molecular-weight polyethylene; SW, 75/25 soy–water; SG, 75/25 soy–

glycerol; SNR, 75/25 soy–NRL. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 8. Antibacterial analysis of whey protein plastic blends. PE, ultra-

high-molecular-weight polyethylene; WW, 75/25 whey–water; WG, 75/25

whey–glycerol; WNR, 75/25 whey–NRL. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. A residual versus fitted plot of the original Gram (2) data.
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Antibacterial Testing

Influence of Bioplastic Formulations. The above mentioned

bioplastics produced using optimal level of various plasticizers

were then evaluated for their antibacterial performance in com-

parison to a polyethylene (PE) control sample. For the polyeth-

ylene control samples a moderate level of growth (15.37%) by

the Gram (2) and Gram (1) species was observed with a

resulting CFU/mL value of 6.13 3 107 after 24 h (Figures 6–8).

However, the result was statistically irrelevant at the 95% level,

as neither the Gram (2) nor the Gram (1) contacted plastic

samples possessed an a value <0.05. These findings were con-

sistent with the analysis conducted by Seyfriedsberger et al., as

the promotion/inhibition of bacterial growth was marginal due

to polyethylene not possessing any inherent properties to mod-

ify bacterial growth settings.29

In the albumin bioplastics, we found that the plastics made

with plasticizers, water, and NRL showed similar properties, as

each was able to reduce the amount of bacterial growth by both

Gram (2) and Gram (1) bacteria (Figure 6). However, only

the albumin plasticized by water was statistically significant in

limiting Gram (2) bacterial growth at the 95% confidence level

(a 5 0.013), as the albumin–water bioplastic decreased the CFU/

mL level to 8.36 3 104 after 24 h of contact. The albumin–glyc-

erol bioplastics in contrast possessed a strong inhibitive effect in

antibacterial growth, as no growth occurred after 24 h [Gram

(2) a 5 0.002, Gram (1) a 5 0.004]. This may be attributed to

bioactive property of albumin due to lysozyme enzyme30 plus

the gradual leaching of glycerol from the plastic, as this creates

an aqueous environment, preventing microbial adhesion and

growth on the bioplastic. However, the glycerol leaching from

Figure 11. Box-Cox plot of the original data for the Gram (2) bacteria.

Figure 10. Normal Q-Q plot analysis of the original Gram (2) bacteria

data.

Figure 12. Residual versus fitted plot of Gram (2) when data is log-

transformed.

Figure 13. The normal Q-Q plot of Gram (2) data when log-

transformed.
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the plastic may only be bacteriostatic in nature, as concentra-

tions of at least 28% of glycerol would be required for bacterio-

cidial properties.31

In the soy bioplastics, we found that none of the plastics were

able to reduce the amount of bacterial growth by both Gram

(2) and Gram (1) bacteria, as bacteria increased in growth

after 24 h on the soy bioplastics (Figure 7). The soy plasticized

by water was even statistically significant, as it promoted Gram

(1) bacterial growth at the 99% confidence level (a 5 0.008),

increasing the CFU/mL to 4.76 3 107. Of note is the soy bio-

plastics plasticized with glycerol, as overall lower rates of bacte-

rial growth occurred in comparison to the soy plastics

plasticized by water and NRL. We find these results were con-

sistent with the findings of Padgett and coworkers, as they

determined that soy bioplastics to be more suitable for an edible

plastic application than antimicrobial application when bacterial

inhibitors are not incorporated into the plastics.30,32

In the whey bioplastics, we found results were similar in rela-

tion to the soy bioplastics, as the plastics made with plasticizers,

water, and natural rubber were unable to reduce the amount of

bacterial growth by both Gram (2) and Gram (1) bacteria

(Figure 8). Statistically the results were even more drastic, as

the whey plastics promoted Gram (2) and Gram (1) bacterial

growth at the 99% confidence level (a< 0.001 for water-

plasticized whey plastics, a< 0.002 for natural rubber-plasticized

whey plastics). However, the whey bioplastics were similar to

the albumin bioplastics when plasticized with glycerol, as they

possessed a strong inhibitive effect in antibacterial growth, as

no growth occurred after 24 h [Gram (2) a 5 0.002, Gram (1)

a 5 0.019]. This antibacterial activity may be attributed to cer-

tain peptides that are contained in the structure of whey pro-

tein, as the three peptides of secretory leukocyte protease

inhibitor, trappin-2, and elafin have been found to possess anti-

microbial activity.33 Like in the albumin–glycerol bioplastic, this

also may be due to the gradual leaching of glycerol from the

plastic in the creation of an aqueous environment.

Statistical Analysis of Antibacterial Property of Bioplastics.

For the statistical analysis, response was the proportional change

in count after 24 h:

y5
Count at 24 h2Count at 0 h

Count at 0 h
5

Count at 24 h

Count at 0 h
21

Mathematically, it was the same as considering y 5Count at 24 h
Count at 0 h

.

We fit a linear regression model, separately for Gram (1) and

Gram (2) bacteria, for the two-way layout given by

yijk5g1ai1bj1xij1eijk (1)

for i 5 1 (albumin), 2 (soy), 3 (whey); j 5 1 (water), 2 (glyc-

erol), 3 (NRL) and k 5 1, 2, 3 were the three samples taken.

Here, yijk was the response corresponding to the kth sample

with the ith level of protein and the jth level of plasticizer. Note

that in our model we have 1 1 3 1 3 1 9 5 16 parameters (g, a1,

a2, a3, b1, etc.). Here, ai and bj were the main effects of protein

and plasticizer, respectively, and xij was the protein–plasticizer

two-factor interaction effect. The term “main effect of protein”

means the effect of the individual protein (albumin, soy, or

whey) irrespective of the effect of plasticizer. Similar interpreta-

tion is given for "main effect of plasticizer," which means the

effect of the individual plasticizer (water, glycerol, or NRL) irre-

spective of the effect of the protein. Moreover, xij term denotes

the individual protein–plasticizer effects. For example, x11

Figure 14. Cook’s distance plot of Gram (2) data when log-transformed.

Table I. Two-Way Analysis of Variance Corresponding to Model (1) for

Gram (2) Bacteria

df Sum sq Mean sq F value P value

Protein 2 327.2 163.58 1261.9 <2E216

Plasticizer 2 513.2 256.61 1979.6 <2E216

Protein 3

plasticizer
4 171.9 42.98 331.6 <2E216

Residuals 18 2.3 0.13

Table II. Estimated Values of Regression Coefficients for Some

Parameters of Model (1) for Gram (2) Bacteria

Coefficients Estimate Std. error t Value P value

Soy (a2) 5.50 0.29 18.7 3.04E213

Whey (a3) 8.45 0.29 28.8 <2E216

Glycerol (b2) 28.03 0.29 227.3 4.18E216

NRL (b3) 0.42 0.29 1.4 0.16737

Table III. Two-Way Analysis of Variance Corresponding to Model (1) for

Gram (1) Bacteria

df Sum sq Mean sq F value P value

Protein 2 311.2 155.6 766.5 <2E216

Plasticizer 2 635.8 317.9 1565.8 <2E216

Protein 3

plasticizer
4 193.1 48.3 237.7 2.59E215

Residuals 18 3.7 0.2
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represents the albumin–water interaction, and x12 represents

albumin–glycerol interaction. However, this model is overpar-

amatized, so not all parameter values can be estimated uniquely.

In order to overcome this problem, standard baseline con-

straints have been used.34 In particular, we took a1 5 0 and

b1 5 0 so that albumin and water can be considered as baselines

for comparison. The errors �ijk were assumed to be normal

(Gaussian), identically and independently distributed with zero

mean and some constant variance r2.

For both Gram (1) and Gram (2) datasets, after we fit the

model, the residual versus fitted plot showed a clear “fanning

out” pattern and the normal probability plot indicates depar-

ture from normality of errors. We considered the Box–Cox

transformation and the corresponding plots (see Figure 11)

indicated that the likelihood is maximized around k 5 0 sug-

gesting the log transformation. Here we considered the response

as y 1 1024, that small positive term was added to make all the

responses positive. After taking the log transformation, the

improvements of the residual versus fitted plot and the normal

probability plot were very apparent. Also the Cook’s distances

for the log-transformed data indicated that there were no influ-

ential points (see Figure 14), and the assumptions of linear

regression could be considered to be satisfactorily met.

Gram-Negative Bacteria. The ANOVA table (given in Table I)

illustrated that all the main effects of protein, plasticizer, and

protein–plasticizer two-factor interactions were strongly signifi-

cant. The multiple R2 for this model is 99.77%, indicating a

good fit. In the regression fit, it is customary to consider base-

line constraints which assumes the coefficients corresponding to

Water and Albumin to be 0 (in other words, a1 5 0 and

b1 5 0). With respect to that, the coefficients of others (along

with their P-values) are given in Table II. First, we note that the

P-values of all the regression coefficients mentioned in Table II

(except rubber) were very small and statistically significant. The

estimate of the coefficients for soy (b2) and whey (b3) were 5.5

and 8.5, respectively, indicating albumin bioplastics showed

fewer numbers of colonies as the coefficient of albumin (a1) is

set to 0, and that is smaller than both 5.5 and 8.5, consistent

with the findings of Peters and Padgett.30,35 Similarly, the esti-

mate of coefficient of glycerol (b2) is negative, which confirms

that it prevents the growth of colonies significantly.

Gram-Positive Bacteria. The ANOVA table (given in Table III)

illustrated that all the main effects of protein and plasticizer, as

well as the protein–plasticizer two-factor interactions were

strongly significant. The multiple R2 for this model was 99.68%,

indicating a good fit. The other results for Gram (1) bacteria

were similar to those of Gram (2) bacteria (see also Table IV).

CONCLUSIONS

When comparing the thermal properties of the proteins, we found

that the proteins had similar degradation rates, with soy and whey

occurring at temperatures between 50 and 60�C lower than albumin.

In terms of the viscoelastic properties, the albumin and whey exhib-

ited similar properties based on the plasticizer used, while soy plastics

exhibited a greater range of properties based on the plasticizer. As for

antibacterial properties, we found that plasticizing either albumin or

whey with glycerol produced the bioplastic with the strongest anti-

bacterial properties. In terms of the statistical analysis, we found that

the key determinant of antibacterial properties of a given bioplastic is

the protein and plasticizer. With the knowledge gained in this study,

there are different areas of interest that could be further studied. To

determine if albumin or whey plastics could be utilized in medical

settings, various testing would have to be conducted based on the

intended end use in areas such as packaging medical products

(ASTM F2097 – 10: Standard Guide for Design and Evaluation of

Primary Flexible Packaging for Medical Products), as well as infection

testing for medical applications [ASTM F813 – 07(2012): Standard

Practice for Direct Contact Cell Culture Evaluation of Materials for

Medical Devices]. Drug elution analysis would serve as another major

area of interest, as the application of drugs over a period of time

would be useful in treating patients in numerous settings. For food

packaging applications, the testing of water and oxygen vapor perme-

ability properties of the plastics would be crucial to determine, as

these properties would determine whether they would be suitable for

such applications. The further addition of different materials to the

bioplastic blends, as well as the examination of other proteins would

also be useful to examine, as it would serve to determine what blends

and materials should be used to produce a bioplastic with the best

combination of properties based on the application.
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