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Recently some major sausage manufacturers have begun using co-extruded alginate, collagen, 

or alginate-collagen hybrid casings for their sausage products.  Despite their use commercially, 

little is known about co-extruded alginate casings.  In this study ‘wet’ alginate films (~ 90-95 % 

water content) were used as a model to understand co-extruded alginate casings.  The study 

examined how various proteins (gelatin, soy, heated and unheated whey protein) and 

carbohydrates (iota- and kappa- carrageenan, low methoxyl pectin, modified and unmodified 

potato starch, commercial and extracted cellulose, or gellan gum) affected the mechanical and 

microstructural properties of ‘wet’ alginate films.  Pectin, carrageenan, and modified potato 

starch increased (P < 0.05) the tensile elongation of the films, while soy protein, whey protein, 

modified potato starch, and cellulose decreased (P < 0.05) the puncture strength of the films.  

These results suggest that the mechanical properties of ‘wet’ alginate films can be altered by 

adding various proteins and carbohydrates to the films.  The type of divalent cation (Ba2+, Ca2+, 



 
 

Mg2+, Sr2+, or Zn2+) used to gel the alginate and the presence of added NaCl in the alginate 

solution also affected (P < 0.05) the mechanical properties of the films.  In the transmission 

electron microscopy images, certain added carbohydrates were easily identifiable in the alginate 

matrix by their unique morphology while others were less distinguishable.  Another objective of 

the study was to explore the impact of drying the ‘wet’ alginate films.  As expected, the dried 

films (conditioned at both 57 % and 100 % RH) had very different mechanical properties than 

their corresponding ‘wet’ films.  Several peak shifts in the Fourier transform infrared spectra 

were observed when the alginate, alginate-pectin, and alginate-kappa-carrageenan solutions 

were gelled and dried.  Differences (P < 0.05) in the mechanical properties of the dried films 

conditioned at 57 % and 100 % RH were also observed.  These differences were attributed to 

the plasticizing effect of water in the films.  Understanding the characteristics of ‘wet’ alginate 

films is important for future development and optimization of these films for use on food 

products, such as sausages.       
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Chapter 1 General Introduction 

 

 It is estimated that the global production of packaging materials exceeds 180 

million tons per year (Tice, 2003).  Food packaging accounts for a large portion of this 

material.  In fact, food and beverage packaging is said to contribute to roughly 70 % of 

the $100 billion packaging market in the U.S. (Comstock et al., 2004).  In recent years, 

there has been a great deal of interest in the development of edible films and coatings 

for various food packaging applications (Cutter, 2006).  This has been driven in part by 

environment concerns revolving around the use of synthetic packaging material (i.e., 

packaging waste, dwindling oil reserves etc.) as well as the demand for higher quality 

packaged foods (Da Silva, Bierhalz, & Kieckbusch, 2009; Rhim, 2004).  The advantages 

of using natural biopolymers, such as polysaccharides, proteins, and/or lipids, over 

synthetic polymers are that they are biodegradable, renewable and also edible.  

However, the relatively poor mechanical and water barrier properties of natural 

biopolymer films can limit their industrial uses (Rhim & Ng, 2007).  Thus, edible 

films/coatings cannot totally replace the use of synthetic plastics, but they can reduce 

their use (Da Silva, Bierhalz, & Kieckbusch, 2009).   

 Alginate is one example of a polysaccharide that has been used for edible films 

(Olivas & Barbosa-Cánovas, 2008; Rhim, 2004).  One of the unique properties of 

alginate is that it has the ability to form cold-set gels in the presence of certain divalent 

cations (most commonly calcium).  This property allows alginates to form films without a 

drying or heating step.  Thus alginate films/coatings can be formed directly on a food 

product.  One example where this concept has been applied commercially is in sausage 

manufacturing.  Recently, some manufacturers have begun using a co-extrusion 

process for sausage production.  In the co-extrusion process, a thin layer of alginate (or 

collagen, or their mixture) is extruded onto the meat batter as it is being extruded from 

the stuffer.  The coated sausage then enters a calcium chloride bath to quickly gel the 

alginate and form the casings.  The major advantage of the co-extrusion process is that 

it allows sausage manufacturers to move from a batch to a continuous operation and 
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thus increase their production volumes and efficiency (Smits, 1985).  Additionally fewer 

people handle the product in the co-extrusion process and thus the risk of microbial 

contamination of fresh sausages is reduced compared to traditional batch operations 

(Anonymous, 2012).        

 Despite being used commercially by a number of sausage manufacturers around 

the world, little is known about these co-extruded alginate casings.  Since the casings 

are not dried prior to being put on the sausage, the casings can be classified as ‘wet’ 

films or coatings.  While there is published literature on dried edible alginate and 

alginate composite films (Bierhalz, Da Silva, & Kieckbusch, 2012; Fazilah et al., 2011; 

Galus & Lenart, 2013; Gohil, 2011; Liu, Kerry, & Kerry, 2006, 2007; Paşcalău et al., 

2012; Shih, 1994; Villagomez-Zavala et al., 2008; Wang, Auty, & Kerry, 2010; Xiao, Lim, 

& Tong, 2012; Xu, Bartley, & Johnson, 2003), the published literature on ‘wet’ alginate 

and alginate composite films is scarce.  It is assumed that the properties of dried 

alginate films are not necessarily the same as ‘wet’ alginate films.  Therefore, the overall 

goal of the current work is to gain insight into the mechanical and microstructural 

properties of ‘wet’ alginate films.      

 The study is divided into three major objectives: 

1. Assess how various proteins and carbohydrates influence the mechanical and 

microstructural properties of ‘wet’ alginate films.  

a) Compare ‘wet’ alginate films made with gelatin, soy protein, heated whey 

protein, or unheated whey protein. 

b) Compare ‘wet’ alginate films made with carrageenan (iota- or kappa-), low 

methoxyl pectin, potato starch (modified or unmodified), gellan gum, or 

cellulose (commercial or extracted). 

2. Explore how drying the ‘wet’ alginate films affects their physical properties 

a) Compare dried alginate, alginate-low methoxyl pectin, and alginate-soy 

protein isolate films conditioned at 57 % and 100% relative humidity. 

b) Compare dried alginate, alginate-kappa carrageenan, and alginate-extracted 

cellulose films with and without added glycerol conditioned at 57 % and 100 

% relative humidity. 
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3. Investigate how the type of gelling cation (Ba2+, Ca2+, Mg2+, Sr2+, or Zn2+) and 

presence of added Na+ in the film forming solution influence the physical 

properties of ‘wet’ alginate films.             
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Chapter 2 Literature Review 

 

2.1 Co-extrusion 

 Sausages have been a popular food choice for consumers for generations.  In 

2008, it was reported that more than $3.4 billion was spent on sausages and hot dogs in 

U.S. supermarkets (Anonymous, 2009).  Traditionally sausage meat has been stuffed 

into hog, sheep, and beef intestines.  While these types of casings are still used in the 

industry today, many other types of casings, including manufactured collagen, cellulose, 

and plastic casings are also commonly used.  However, the most recent development in 

the area of sausage casings is the use of co-extruded alginate, collagen, or alginate-

collagen hybrid casings.  Although co-extrusion technology was initially introduced in 

the early 1980’s, problems with the casing stability and process deterred sausage 

manufacturers from implementing the technology (Savic & Savic, 2002).  During the late 

1990’s significant improvements were made to the equipment used for co-extrusion and 

within the last few years several North American and European companies have 

adopted the technology (Escoubas et al., 2010).  Although co-extruded alginate casings 

are gaining popularity in the industry, there is little published research on the use of 

‘wet’ alginate films for use as sausage casings.   

 In the co-extrusion process, a thin layer of casing dough/material is extruded 

onto the meat batter as it is being extruded from the stuffer.  When collagen is used, the 

collagen fibers are orientated into a woven structure by counter-rotating concentric 

cones on the extruder (Ustunol, 2009).  The coated sausages are then exposed to a 

brine solution.  The sausages in collagen casings are either drenched or sprayed with 

NaCl solution to dehydrate and harden the casing and then exposed to liquid smoke 

(Visser, 2012).  The liquid smoke (mainly the aldehyde component) causes protein-

protein cross-links in the collagen casings.  Alternatively, the sausages in alginate 

casings go through a calcium chloride bath to quickly gel the casings.  Hybrid alginate-

collagen casings are first gelled with CaCl2 and then cross-linked with liquid smoke.   
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  The major advantage of the co-extrusion process is that it allows sausage 

manufacturers to move from a batch to a continuous operation and thus increase their 

production volumes (Smits, 1985).  While the initial equipment costs are high, the 

increased product output and decreased labour costs are economically advantageous.  

The speed and uniformity of the automated co-extrusion process also make it appealing 

to meat processors (Bontjer, Kuijpers & Van Den Berg, 2011).  With fewer people 

handling the product during processing, there is also a lower risk of microbial 

contamination compared to traditional batch operations.  Additionally, the amount of 

waste (i.e., when using preformed casings the ends of the casings and casings that 

break cannot be used for stuffing) and re-work are also significantly reduced 

(Anonymous, 2012).  Since co-extruded casings are edible, they can also be used for 

cook-in-bag processing.  This prevents the risk of post-cooking microbial contamination 

from machines such as peelers and slicers that are used to strip cellulose casings from 

cooked hotdogs before they are packaged.   

 One advantage of using co-extruded alginate casings over collagen casings is 

they can be used for vegetarian products, such as, vegetarian sausages.  However 

there are some challenges with using co-extruded casings.  The greatest challenge with 

the alginate casings is maintaining a stable Ca-alginate gel (Visser, 2012).  Leaching of 

Ca2+ ions from the casing to the meat can result in the disintegration of the Ca-alginate 

gel.  To avoid this, some manufacturers have added calcium (i.e., in the form of calcium 

lactate) to the meat batter formulation to balance the Ca2+ gradient between the meat 

and the casing.  In addition processors should limit the use of strong chelating agents 

(i.e., polyphosphates) in the meat formulations.  Other additives, such as, cellulose or 

potato starch, are also sometimes added to alginate casings to improve their 

functionality.                          

2.2 Biopolymer Films 

 Co-extruded collagen and alginate casings are types of edible biopolymer films.  

Rhim & Ng (2007) define a film as ‘a stand-alone thin layer of materials composed of a 

polymer matrix providing structural integrity’.  In the industry co-extruded casings are 

made directly on the sausage meat however these casings can also be made as   
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stand-alone films.  Currently, there is limited research focused specifically on the use of 

biopolymer films as edible sausage casings.  However, researchers have compared 

‘dry’ heat-treated whey protein based edible films to collagen casings manufactured 

under the same processing conditions (Amin & Ustunol, 2007; Simelane & Ustunol, 

2005).  They found that with the appropriate selection of heat curing conditions, whey 

protein isolate films with similar solubility, tensile strength, and elongation to collagen 

casings could be obtained (Amin & Ustunol, 2007).  Other work has explored how the 

addition of oil (corn or olive) influenced the physical properties of extruded pectin and 

sodium alginate blend ‘dry’ films/casings (Liu, Kerry, & Kerry, 2006).  They found that for 

the majority of the casings, the addition of oil decreased the tensile strength of the 

casings but increased their elongation properties.  The authors then explored how the 

application of these extruded ‘dry’ casings to breakfast sausage affected the products 

quality and shelf-life (Liu, Kerry, & Kerry, 2007).  Initially all of the casings could be used 

to manufacture good quality, intact, stable sausages but over time (6 days of 

refrigerated storage), all of the sausages developed lipid oxidation.  Generally, the 

gelatin sodium alginate blend casings were more prone to absorb water from the 

environment, shrank more during storage, and had poorer sensory texture scores than 

the pectin casings.     

 While there is only limited research focused specifically on extruded edible 

sausage casings, there have been many publications in the area of ‘dry’ biopolymer 

based films for food and other packaging applications (Ustunol, 2009; Zhang & Mittal, 

2010).  ‘Dry’ in this context means water has been removed from the film and the film 

can be stored/used this way.  Generally, either polysaccharides (i.e., starch, alginates, 

pectin, carrageenans, chitosan/chitin, cellulose) or proteins (i.e., casein, whey, collagen, 

gelatin, corn, soy, wheat etc.) are used as the polymer matrix for biopolymer films 

(Cutter, 2006).  Polysaccharides and proteins can form strong films but are poor water 

barriers, while lipid based films are good water barriers but are brittle (Liu et al., 2006; 

Gómez-Guillén, Giménez, Lόpez-Caballero, & Montero, 2011).  Some advantages of 

using biopolymers for films are that they are abundant, renewable, inexpensive, 

environmentally friendly, and biodegradable (Rhim, 2004).   
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2.3 Functionality of Sausage Casings 

 Sausage casings play important functional roles in the sausage from the moment 

of stuffing right up until it is eaten by the consumer.  The selection of the right casing is 

critical as it not only influences the integrity, size and shape of the sausage but it also 

assists in the conversion of meat batter into the desired sausage product (Savic & 

Savic, 2002).  It is not possible to create an all-purpose sausage casing suited to all 

types of sausages as processing requirements for different types of sausages greatly 

vary.  However, there are some basic functional properties a sausage casing must fulfill.  

In general, the two most important functional properties of sausage casings are their 

barrier properties (i.e., permeability to water vapour, smoke and gases) and their 

mechanical strength.  Other casing properties that may also be considered include: 

calibre uniformity, temperature resistance, peelability, printability, and the potential for 

use as a carrier for functional ingredients (Savic & Savic, 2002). 

 Permeability is defined as the mass of gas or vapour transferred per unit of time, 

area and a driving force (the differences in partial pressure) (Damodaran, Parkin, & 

Fennema, 2008).  The structure and molecular weight of the base material, addition of 

plasticizers, solvent concentration and film thickness can all influence the permeability 

of a casing.  The permeability of the casing is important as water vapour, gas, and light 

influence the water loss, compositional changes, fat hydrolysis, pH, water activity, fat 

oxidation, sensory properties and ripening of raw sausages (Savic & Savic, 2002).   

 With regards to mechanical properties, the tensile strength of a film/casing is 

defined as the maximum stress (force/area) that a film/casing can withstand while being 

stretched before it breaks (Olivas & Barbosa-Cánovas, 2008).  The % elongation at 

break is calculated by dividing the change in length of the film during stretching by the 

initial length of the film (Wang, Liu, Holmes, Kerry, & Kerry, 2007).  The mechanical 

properties of a casing are important as they influence the consumer’s perception of 

toughness (or bite/snap) of the sausage (Bakker et al., 1999).  The casing’s strength 

and elasticity are also important during processing as the casings must be strong 

enough to hold the meat but able to expand during stuffing and cooking (Bakker, 

Houben, Koolmees, Bindrich, & Sprehe, 1999; Simelane & Ustunol, 2005).     
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2.4 Other Types of Sausage Casings 

2.4.1 Natural/Animal Casings 

 While natural casings aren’t used as extensively as they once were, they still play 

a significant role in today’s sausage casing industry.  In fact, the North American Natural 

Casings Association (2001-2003) estimated the value of the North American natural 

casing market to be $150 million annually.  Globally, the world trade of natural casings 

is estimated to be $2.5 billion annually, 60 % of this trade in sheep casings (Koolmees, 

Tersteeg, Keizer, van den Broek, and Bradley, 2004).  While sheep and hog casings are 

typically eaten with the sausage, beef casings are usually removed prior to consumption 

as they are thicker and tougher which makes them hard to chew (Wijnker, Tersteeg, 

Berends, Vernooij, & Koolmees, 2008).          

 Natural casings are characterized by their tenderness and high permeability to 

both moisture and smoke and are often considered the golden standard for sausage 

casings (Savic & Savic, 2002).  These casings are made by cleaning and stripping both 

the mucosa and muscle layers away from the submucosa layer of the hog or sheep’s 

small intestine (Bakker et al., 1999).  The submucosa layer is made up of cylindrical 

sheets of collagen as well as elastic components and is structurally the most important 

layer of the intestinal tract.  It is the collagen component of the submucosa that is the 

main factor responsible for the natural casing’s tensile strength (Savic & Savic, 2002).  

After cleaning and stripping, the natural casings are then salted and cured, and/or dried 

to preserve them before being packed for shipping (Houben, Bakker, & Keizer, 2005).   

 There are some disadvantages to using animal casings.  Perhaps the biggest 

concern about using animal casings is their microbial safety.  While the sliming and 

salting processes significantly reduce the number of bacteria in the intestinal tract, 

bacteria are not completely eliminated by these processes (Savic & Savic, 2002).  

However if the casings have been adequately salted, they are considered to be 

microbiologically acceptable.  On the other hand, casings packed in dry salt have been 

known to deteriorate in quality, potentially due to the development of halophylic 

microorganisms on them (Ockerman & Hansen, 1988; Rust, 1988).  Treating animal 
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casings with food grade organic acids (i.e., citric, lactic, acetic and tartaric acid) and 

their salts has been shown to lower their microbial count (Bakker et al., 1999).  The 

second challenge with using animal casings it the lack of uniformity of the casings.  

Since natural casings are of an animal source, there is variation in the width along the 

intestine, making stuffing to a uniform size more difficult.  The variation in thickness of 

the submucosal layer of the intestine also causes variability in the strength of the 

casings (Savic & Savic, 2002). 

 2.4.2 Manufactured Collagen Casings 

 The limited supply of animal casings and the high price of these casings 

encouraged the development of alternative types of casings (Kramlich, Pearson & 

Tauber, 1973).  Development of manufactured collagen casings began in 1925 and 

production of these casings started in 1933.  In 1956, the first edible collagen casing 

came into the market (Savic & Savic, 2002).  Today, it is estimated that 80 % of all 

edible casings are made from collagen (Amin & Ustunol, 2007).  Generally, the 

production of manufactured collagen casings is a proprietary process (Barbut, 2010).  

However, several steps are typically used.  The first step involves separating the corium 

layer from the rest of the hide.  After separation, the corium is decalcified and ground.  

Acid is then added to induce swelling of the collagen and the swollen collagen dough is 

extruded using either a ‘wet’ or ‘dry’ extrusion process (Savic & Savic, 2002).  The ‘wet’ 

extrusion process or ‘American’ process typically uses H2SO4 while the ‘dry’ extrusion 

process (‘German’ process) typically uses HCl (Barbut, 2010).  Cross-linking agents, 

such as glutaraldehyde or other aldehydes from liquid smoke, may be added to control 

the extent of cross-linking and improve the strength of the casing.  Cellulose fibers can 

also be added to improve the casing’s strength while plasticizing agents, such as 

glycerol and sorbitol, are often added to reduce the casing’s brittleness (Savic & Savic, 

2002).   

 The cooking characteristics and tenderness of sausages in manufactured 

collagen casings are similar to those in natural casings (Savic & Savic, 2002).  

However, manufactured collagen casings offer several advantages over their natural 

counterparts.  One of the biggest advantages is they are more uniform in size, strength 
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and flexibility than natural casings (Kutas, 1987).  The uniformity of the casing facilitates 

the use of higher fill pressure and fast stuffing machines.  Additionally, a uniform 

sausage product allows for more precise portion control (Savic & Savic, 2002).  

Manufactured collagen casings also produce a cleaner, more sanitary product than 

natural casings and have a greater consistency in net product weight (Kutas, 1987).  

Regenerated casings also require no soaking prior to stuffing and can be stored longer 

than natural casings (Savic & Savic, 2002).  However, both manufactured collagen and 

natural casings are of a finite length and thus sausage stuffing remains a batch process.   

2.4.3 Cellulose Casings 

 In 1870, German army sausage suppliers first used parchment paper casings for 

their sausages.  These casings were the first known type of artificial casing used in 

sausage manufacturing.  Although these casings are rarely used today (except for some 

ethnic speciality sausages), other types of cellulose casings are found in the market.  

Cellulose casings can be grouped into one of three groups; non-fibrous cellulose 

casings, fibrous cellulose casings, and plastic polyvinylidene chloride (PVDC)-coated 

fibrous cellulose casings (Savic & Savic, 2002).  Small diameter non-fibrous cellulose 

casings are designed to give maximum uniformity in diameter and are mainly used for 

the production of skinless wieners, hot dogs and smoked sausages.  For most of these 

products, the cellulose casings are peeled off the product and discarded after the 

sausage is cooked (Visser, 2012).  Fibrous casings consist of a cellulose hydrate matrix 

that has been reinforced with regenerated cellulose fibers (Savic & Savic, 2002).  

Fibrous casings come in three basic types; regular, easy peel, and moisture proof 

(PVDC coated).  Easy peel and PVDC coated fibrous casings are used for cooked cold 

cuts, as well as other products (Thode, 2011).                                                 

2.4.4 Synthetic Polymer Casings 

 Today, sausage casings can also be made from synthetic polymers; such as 

polyvinylidene chloride (PVDC), polyester, nylon, polyethylene, polyamide, 

polypropylene or combinations of these materials (Thode, 2011).  Synthetic casings are 

good for large-diameter sausages since they are known to be quite strong.  However, 
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the properties of these casings vary depending on the type of polymer and additives 

used as well as the post-processing treatment of the casing products.  Like cellulose 

casings, synthetic polymer casings are indigestible and must be removed from the 

sausage prior to eating.  Typically, these casings cannot be smoked, although recently 

smokable synthetic casings have been developed (Savic & Savic, 2002).   

2.5 Alginate 

 Alginate is a structural component of marine brown algae (Phaeophyceae) and is 

also produced by some types of soil bacteria (A. vinelandii, A. crococcum and several 

species of Pseudomonas).  Chemically, alginate is a family of unbranched binary 

copolymers made up of (1→4) β-D-mannuronic (M) and α-L-guluronic (G) acid 

(Stephen, Phillips, & Williams, 2006).  Regions in alginate made up of solely M or G 

residues are referred to as M or G blocks and these areas are interspersed with MG 

alternating blocks (Figure 2.1).  The geometries of the G-block and M-block regions are 

quite different.  The G-blocks are buckled while the M-blocks have a shape referred to 

as an extended ribbon.  The proportion of M to G residues and the distribution of the 

residues will vary greatly depending on the algal source (Fang et al., 2007). 

 

Figure 2.1 β-D-mannuronate (M) and α-L-guluronate (G) monomers of alginate (a), the alginate chain, 

chair conformation (b), symbolic representation of an alginate chain (c) (Stephen et al., 2006) 
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2.5.1 Gelation of Alginate 

 A gel is defined as a continuous 3-D network of connected molecules or particles 

entrapping a large volume of a continuous liquid phase.  Gels are viscoelastic 

semisolids; under stress they will exhibit behaviours both of an elastic solid and a 

viscous liquid (Damodaran, Parkin, & Fennema, 2008).  Alginate is able to form gels in 

the presence of certain polyvalent metal cations.  Calcium is commonly used to gel 

alginate although barium, strontium, cobalt, zinc, copper, manganese and cadmium 

have also been used (Mørch, Donati, Strand, & Skjåk-Braek, 2006; Ouwerx, Velings, 

Mestdagh, & Axelos, 1998).  At concentrations greater than 5 M, CaCl2 may impart a 

bitter taste to foods so generally lower concentrations are used (Baker, Baldwin, & 

Nisperos-Carriedo, 1994).  Typically magnesium (Mg2+) is unable to gel alginate 

however Mg-alginate gels have been formed using higher concentrations of Mg2+ over 

longer periods of time (Topuz, Henke, Richtering, & Groll, 2012).  The affinity of alginate 

towards divalent cations has been reported as 

Pb2+>Cu2+>Cd2+>Ba2+>Sr2+>Ca2+>Co2+,Ni2+,Zn2+>Mn2+ (Mørch et al., 2006).  These 

cations preferentially bind to the carboxylate groups in the G blocks in a highly 

cooperative manner.  This cooperative unit is reported to consist of more than 20 

monomers (Smidsrød & Skjåk-Braek, 1990).  Thus, the proportion of G to M residues in 

the alginate influences the properties of the resulting gel.  Generally, high G alginates 

produce strong, brittle, heat-stable gels, while high M alginates produce weaker, more 

elastic, less heat-stable gels that have greater freeze-thaw stability.  In addition to the M 

to G ratio, the amount of monovalent salts in solution, the solution temperature, degree 

of polymerization, and the polyvalent ion itself will influence the behaviour of the reacted 

alginate (Stephen et al., 2006).  For example, adding NaCl to both the gelling bath and 

polymer solution has been shown to increase the homogeneity of Ca-alginate gels 

(Skjåk-Braek, Grasdalen, & Smidsrød, 1989).  Ca-alginate gels are also sensitive to 

chelating agents, such as, phosphate and citrate (Mørch et al., 2006).         

 Typically the ‘egg-box’ model has been used to explain the formation of alginate 

gels in the presence of alkaline earth metals.  The model suggests that the G blocks 

along the alginate chain adopt a 2/1 helical conformation which creates buckled regions 
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along the chain.  Egg-box dimers are formed when divalent cations (i.e., Ca2+) are 

coordinated within the cavities created by a pair of the buckled G regions (Figure 2.2 

a&b).  Further studies have suggested that the binding of calcium to alginate occurs in a 

three step process whereby Ca2+ initially interacts with a single G unit to form 

monocomplexes, pairing of these monocomplexes forms egg-box dimers which then 

form egg-box multimers (Figure 2.2c) via lateral association (Fang et al., 2007).  

However, other recent work has suggested that the ‘egg-box’ model is not the only 

possible structure for the junction zones (Li, Fang, Vreeker, Appelqvist, & Mendes, 

2007).  It is important to note that these physical tie points or junction zones are not the 

same as chemical cross-links because they are formed by aggregation of many Ca2+ 

ions (Gohil, 2011).  

 

Figure 2.2  Schematic representation of the hierarchical structure of egg-box junction zones in 
alginate/calcium gels. (a) coordination of Ca2+ in a cavity created by a pair of guluronate sequences 
along alginate chains; (b) egg-box dimer, and (c) laterally associated egg-box multimer.  The black solid 
circles represent oxygen atoms possibly involved in the coordination with Ca2+. The open circles 
represent Ca2+ ions. (Fang et al., 2007)  

 

2.5.2 Applications of Alginate 

 Alginate has been used in a wide variety of areas including, but not limited to, the 

food, pharmaceutical, biomedical, personal care, water-treatment and textile industries 

(Fang et al., 2007; Li et al., 2007; Rhim, 2004; Stephen et al., 2006).  Alginate is a 
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popular ingredient for food processors because of its many unique colloidal properties, 

including thickening, stabilizing, suspending, film forming, gel producing and emulsion 

stabilizing (Rhim, 2004).  While alginate does not provide calories to the body, as a 

soluble fiber, it can influence digestion.  One of the more popular uses for Ca-alginate 

gels in the food industry is for restructured food products.  These are products in which 

pieces of foodstuffs are bound together to make it resemble the original product.  Onion 

rings, meat products, pimento olive fillings, crabsticks, and cocktail berries are 

examples of alginate-based restructured products (Rhim, 2004; Stephen et al., 2006).  

Alginate is also used as a thickener and/or stabilizer in many products, such as, sauces, 

syrups and toppings for ice cream, pie fillings, and cake mixes (McHugh, 1987).  

Propylene glycol alginate (PGA) is an alginate derivative that is also approved for use in 

foods.  It is able to stabilize solutions under acidic conditions where alginate would 

precipitate (Stephen et al., 2006).  Therefore, it is used to stabilize acid fruit drinks and 

emulsions (i.e., French dressing).  It is also used to stabilize beer foam (McHugh, 1987).  

However, most importantly for the current work, Ca-alginate gels are used as co-

extruded sausage casings.   

2.5.3 Alginate Films 

 Currently there is no published literature on ‘wet’ edible alginate films for use as 

sausage casings, even though they are already used commercially by a number of 

processing plants around the world.  ‘Wet’ in this context refers to alginate films with 

around 90-95 % moisture content.  However, there has been some research on alginate 

edible films and coatings for other meat products.  Some of the research has reported 

improvements in product texture, juiciness, colour, moisture retention, and odour as well 

as a reduction in shrink of muscle foods treated with alginate (Cutter & Sumner, 2002).  

For example, calcium alginate coatings have been shown to decrease the water loss of 

both chicken pieces and steaks during storage (Mountney & Winter, 1961; Williams, 

Oblinger, & West, 1978).  Alginate coatings have also been shown to reduce the 

microbial counts (as well as shrinkage) of lamb carcasses (Lazarus, West, Oblinger, 

Palmer, 1976).  In other work, alginate coatings retarded oxidative off-flavours, and 

helped maintain the flavour and juiciness in re-heated pork patties (Wanstedt, 
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Seideman, Connelly, & Quenzer, 1981).  Composite alginate coatings and films, such 

as those made from alginate and starch, have also been tested for meat packaging 

applications (Wu, Weller, Hamouz, Cuppett, & Schnepf, 2001).  

 There have also been papers published on ‘dry’ alginate and alginate composite 

films.  Researchers have studied both the mechanical and barrier properties of ‘dry’ 

alginate films (Olivas & Barbosa-Cánovas, 2008; Rhim, 2004; Wang et al., 2007).  In 

general, because of their hydrophilic nature, alginate films are poor moisture barriers.  

However, incorporation of calcium into alginate films can decrease the water vapour 

permeability of the films.  Since calcium preferentially binds with the G residues, it was 

thought that the ratio of M to G blocks would influence the water vapour permeability of 

alginate films.  This hypothesis was confirmed by Olivas and Barbosa-Cánovas (2008) 

who found that films with a lower M to G ratio had lower water vapour permeability than 

alginate films with a higher M to G block ratio.  Cross-linked alginate films (with calcium) 

have greater tensile strength and decreased elongation compared to uncross-linked 

alginate films (Benavides, Villalobos-Carvajal, & Reyes, 2012).  However, Rhim (2004) 

demonstrated that the method of exposure of calcium to alginate (i.e., immersion of 

alginate films into CaCl2 vs. mixing CaCl2 into the film forming solution) can also 

influence the water barrier and tensile properties.    

 Relative humidity has also been shown to influence the mechanical and barrier 

properties of ‘dry’ alginate films.  Olivas and Barbosa-Cánovas (2008) found that as ‘dry’ 

Ca-alginate films were exposed to higher relative humidity, the tensile strength of the 

films decreased while the elongation of the films increased.  This was thought to be due 

to the plasticizing effect of water in the films.  Similar trends have also been reported for 

other biopolymer films made with methylcellulose and wheat gluten (Debeaufort & 

Voilley, 1997; Gontard, Guilbert, & Cuq, 1992).  Additionally, Ca-alginate films exposed 

to higher relative humidity had increased water vapour permeability (Olivas & Barbosa-

Cánovas, 2008).  This decreased capacity of biopolymer films to act as water vapour or 

gas barriers at higher relative humidity has been well documented (Gontard, Thibault, 

Cuq, & Guilbert, 1996; Hagenmaier & Shaw, 1991; McHugh & Krotcha, 1994). 
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 The method by which the alginate film-forming solution is dried may also 

influence the film’s water vapour barrier and tensile properties.  For example, it has 

been shown that the air drying temperature can affect the mechanical properties of 

alginate films (Ashikin, Wong, & Law, 2010).  As would be expected, an increase in air 

drying temperature has been shown to decrease the drying time of solvent cast alginate 

films (Da Silva, Bierhalz, & Kieckbusch, 2012).  These authors also found differences in 

the water vapour permeability, tensile strength, and elongation of alginate films dried in 

a convection oven at 60 °C with an air velocity of 0.5 m/s compared to those dried under 

ambient conditions (25 ± 2 °C and ~50 % RH).  Additionally, they reported that a 

considerable amount of glycerol was evaporated from the films when they were oven 

dried at temperatures above 40 °C.  They found that approximately 50 % of the added 

glycerol was lost during film drying and moisture determination.   

2.5.4 Alginate Composite Films 

 When two biopolymers are mixed together they either co-exist in a single phase 

or phase separation occurs.  The most common type of phase separation is segregative 

separation (also called thermal incompatibility), where each phase is enriched in one of 

the two biopolymers.  Alternatively, associative phase separation can occur, where one 

phase is enriched in both polymers and the second phase is the solvent (Panouillé and 

Larreta-Garde, 2009).  Gelation of these mixed polymer solutions can result in several 

outcomes.  In some cases, fast gelation can freeze a phase-separated system 

(Anderson & Jones, 2001).  If more than one of the polymers is able to act as a gelling 

agent, one of three types of gels can be obtained: complex, mixed, or filled.  If both 

polymers gel and interact with each other, the gel is referred to as a complex gel.  

However, if the polymers form two fairly independent networks, a mixed gel is formed.  

A filled gel is a gel network that is filled with the non-gelling polymer (Tolstoguzov, 

1995).  There may also be gelled islands of one gelling agent/polymer dispersed in the 

other gel.  Figure 2.3 shows some possible structures of simple, mixed, filled, and filled-

mixed gels (Aguilera & Kessler, 1989).   
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Figure 2.3 Possible structures for simple, mixed, filled, and filled-mixed gels (Aguilera & Kessler, 1989) 

 

 Researchers have investigated many composite biopolymer films.  While a lack 

of specific attracting interactions between biopolymers can often lead to inferior 

mechanical properties of blended films, sometimes the addition of one biopolymer can 

improve one (or more) mechanical properties of the film to which it is added.  For  

example, the addition of hydropropylmethylcellulose (HPMC) to WPI-glycerol films has 

been shown to increase the tensile strength of the films, almost in proportion to the 

amount of HPMC added to the film (Brindle & Krochta, 2008).  Similarly, the puncture 

deformation of ‘dry’ soy protein isolate (SPI)-cod gelatin blend films increased 

proportionally to the amount of gelatin in the mixture (Denavi et al., 2009).   

 Alginate composite films have been made with both proteins and other 

polysaccharides.  Wang, Auty, & Kerry (2010) assessed ‘dry’ composite films made 

from 10 different combinations of whey protein isolate (WPI), gelatin, and sodium 

alginate.  The results suggested that a film with high tensile strength could be obtained 

by mixing sodium alginate and gelatin, while the inclusion of WPI to alginate negatively 
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impacted the puncture strength of the ‘dry’ films.  It was thought that the random coil 

formation of gelatin allowed it to form a maximum number of contacts with oppositely 

charged sodium alginate groups.  On the other hand, since both WPI and sodium 

alginate carry negative charges, at the test pH of 6, there was likely some electrostatic 

repulsion between the two.  In other work, pure ‘dry’ sodium alginate films were shown 

to have greater tensile strength than ‘dry’ alginate composite films made with heated 

whey protein concentrate (Villagomez-Zavala et al., 2008).  ‘Dry’ alginate composite 

films have also been made with soy protein isolate (SPI), kappa-carrageenan, pectin, 

pullulan, carboxy-methyl cellulose, and sago starch (Bierhalz, Da Silva, & Kieckbusch, 

2012; da Silva, Bierhalz, & Kieckbusch, 2009; Fazilah et al., 2011; Galus & Lenart, 

2013; Gohil, 2011; Paşcalău et al., 2012; Shih, 1994; Tong, Xiao, & Lim, 2008; Xiao, 

Lim, & Tong, 2012; Xu, Bartley, & Johnson, 2003).  In certain cases, the alginate 

composite films had superior mechanical properties compared to their individual 

component films.  One study reported that films made from a 50-50 blend of alginate 

and low-methoxyl pectin had higher tensile strength and elongation values than pure 

alginate or pectin films (Galus & Lenart, 2013).  Another study reported that certain 

blends of kappa-carrageenan and alginate produced films with higher Young’s modulus 

and tensile stress than pure alginate or kappa-carrageenan films (Paşcalău et al., 

2012).  Alginate-sago starch films have also been shown to have higher tensile strength 

than pure sago starch films (Fazilah et al., 2011).  However, it is important to note that 

in all of these studies, the alginate films were dried during final production.          

2.6 Ingredients for Alginate Composite Films 

2.6.1 Gelatin 

 Gelatin is a protein known to have excellent film forming and good mechanical 

properties (Cao, Fu, & He, 2007).  It is obtained by hydrolyzing the collagen found in 

animal skin and bones.  Pig skin, bovine hide, and pork/cattle bones are the most 

abundant sources of gelatin, although other sources, such as fish gelatin, are also used 

(Gόmez-Guillén et al., 2009; Jridi et al., 2013).  The physical and chemical properties of 

gelatin are affected by the source, collagen type, animal age, as well as the 

manufacturing method (Ledward, 1986).  To produce soluble gelatin, the insoluble 
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collagen goes through an acidic (type-A gelatin) or alkaline (type-B gelatin) pre-

treatment followed by a thermal treatment (Gόmez-Guillén et al., 2009).  During thermal 

treatment, the hydrogen and covalent bonds are cleaved which destabilizes the 

collagen triple helix resulting in helix-to-coil transition and the conversion of collagen 

into soluble gelatin (Denavi et al., 2009).  The severity of the pre-treatment and 

extraction process will determine the degree of conversion of collagen into gelatin 

(Johnston-Banks, 1990).   

 Gelatin gels are commonly used in the food industry in products such as gummy 

candies, marshmallows, and gelatin desserts.  They are formed by cooling a warm 

gelatin solution.  As the gelatin cools, the molecules tend to form triple helices, similar to 

the native proline helices in collagen.  If the third strand in the helix is part of another 

molecule, a cross-link is formed.  With enough cross-linking, a gelatin gel is formed.  

These gelatin gels are thermoreversible; when heat is applied, the triple helices will 

‘melt’ and the gel will break down (Damodaran, Parkin, & Fennema, 2008).  The melting 

point of the gels is close to body temperature, which is important in edible and 

pharmaceutical applications (Achet & He, 1995).  Gelatin gels tend to be fairly 

extensible as the flexible molecular strands between cross-links are quite long 

(Damodaran, Parkin, & Fennema, 2008).  It has been shown that under specific 

conditions, gelatin and alginate can form mixed gels (Panouillé and Larreta-Garde, 

2009).  As mentioned previously, ‘dry’ gelatin-sodium alginate blend films have been 

investigated for their use as sausage casings (Liu et al., 2006, 2007).   

2.6.2 Soy Protein 

 Soy protein is another protein that has been studied extensively for its film 

forming properties (Zhang & Mittal, 2010).  Unlike gelatin, soy proteins come from a 

plant origin.  Soy proteins are a mixture of globulins and albumins.  Approximately, 50-

90 % of the soy proteins are globulins (storage proteins) which are grouped into two 

types: 7S globulins and 11S globulins (Utsumi, Matsumura, & Mori, 1997).  The most 

prevalent 7S globulin protein is β-conglycinin which is a trimer of 150-200 kDa formed 

by α, α’, and β subunits as well as a minor γ subunit.  The 11S globulin, or glycinin, 

(300-380 kDa) is a hexamer composed of an acidic polypeptide and a basic polypeptide 
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covalently linked by a disulfide bond (Denavi et al., 2009).  Films made from the 11S 

fractions have been shown to have higher tensile strength and greater opacity than films 

made from the 7S fraction, probably due to the greater number of disulfide bonds 

formed with the 11S proteins (Zhang & Mittal, 2010). 

 Soy protein films can be made by heating, casting, extruding, spinning or 

thermally compacting, however casting is the most common method used.  In many 

casting studies, the soy protein solution is made at alkaline pH to denature (unfold) the 

protein.  Often plasticizers, such as glycerol, are added to the films (Zhang & Mittal, 

2010).  In general, films produced from soy protein isolate (SPI) have been reported to 

be brittle and coloured with poor mechanical properties (Cao et al., 2007; Denavi et al., 

2009).  Composite soy protein films have also been made with materials such as 

carboxy methyl cellulose, corn starch, gelatin, and alginate (Cao et al., 2007; Denavi et 

al., 2009; Shih, 1994; Zhang & Mittal, 2010).  In one study, it was shown that using 

sodium cyanoborohydride as a cross-linker improved the tensile strength and elongation 

of SPI-sodium alginate films (Shih, 1994).  Interestingly, in another study it was shown 

that treating soy protein films with calcium cations increased the puncture and tensile 

strength of the films (Ghorpade, Li, Gennadios, & Hannam, 1995).     

2.6.3 Whey Protein  

 Whey protein isolate (WPI) is a mixture of proteins isolated from whey, the liquid 

by-product of the cheese making process.  The four major proteins in whey protein 

isolate are: β-lactoglobulin, α-lactalbumin, bovine serum albumin, and immunoglobulins.  

Whey proteins are able to form gels when salt or enzymes are added to a concentrated 

protein solution and also at extreme pH or heat.  During the heat-induced gelation of 

whey protein, the molecule unfolds exposing buried hydrogen –bonding groups that 

bind water.  If the protein concentration is adequate, protein-protein interactions cause 

the formation of a highly hydrated three-dimensional network or gel.  Along with the 

protein concentration, the salt content and pH also influence whey protein gel formation 

(Cayot & Lorient, 1997).  For example, Ca2+ can be used to induce the cold gelation of 

pre-heated (unfolded) WPI (Hongsprabhas, Barbut, & Marangoni, 1999).   
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 Like gelatin and soy protein, whey protein has been used to make edible films.  

These transparent, flexible, and odourless films are good aroma and oxygen barriers, 

and moderate moisture barriers.  However, they have low tensile strength (Brindle & 

Krochta, 2008).  Heat denaturing the whey protein improves the strength, flexibility, 

stretchability, and oxygen permeability of the films, although their tensile strength still 

limits their uses (Perez-Gago, Nadaud, & Krotcha, 1999; Perez-Gago & Krotcha, 2001).  

As mentioned previously, composite films have been made from whey protein and 

sodium alginate (Villagomez-Zavala et al., 2008; Wang, Auty, & Kerry, 2010).  Simelane 

& Ustunol (2007) suggested that milk proteins are suitable candidates for the 

manufacture of sausage casings since milk ingredients are already used in many 

sausage formulations.   

2.6.4 Carrageenans 

 Carrageenans are a family of sulfated linear polysaccharides that are extracted 

from red seaweeds, where they play a structural role in the cellular matrix.  They are 

made up of repeating units of galactose and 3,6 anhydrogalactose, with sulphate esters 

in varying amounts and location depending on the type of carrageenan (kappa, iota, or 

lambda).  Figure 2.3 shows the disaccharide units that represent the predominant 

building block of each type of carrageenan.  However, it is important to realize that 

these are not repeating unit structures as natural carrageenans contain a number of 

galactose units that are inconsistent with the repeating dimeric structure.   
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Figure 2.4 Idealized unit structures of kappa-, iota-, and lambda-type carrageenans (Damodaran, Parkin, 
& Fennema, 2008) 

 Like alginate, both kappa and iota carrageenan are able to form gels in the 

presence of gelling cations.  The thermoreversible gels are formed when kappa or iota 

carrageenan is dissolved in hot water and then cooled below its gelling temperature in 

the presence of adequate amounts of gelling cations.  For kappa-carrageenan the 

strongest gels are formed in the presence of potassium ions followed by calcium ions, 

while the opposite is true for iota-carrageenan.  Kappa-carrageenan gels tend to be 

firm, brittle, and prone to syneresis, while iota-carrageenan gels tend to be elastic and 

cohesive with a good freeze/thaw tolerance (Damodaran, Parkin, & Fennema, 2008).   

Carrageenans are used in a wide variety of food products (i.e., chocolate milk, 

processed meats) and have also been used in biopolymer films and coatings (De 

Moraes, Fagundes, Melo, Andreani, & Monteiro, n.d.; Paşcalău et al., 2012; Roh & 

Shin, 2006; Villagomez-Zavala et al., 2008).  Xu, Bartley, and Johnson (2003) 

suggested that sulfate-sulfate repulsion between carrageenan polymer chains would 
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favour mixing with alginate chains, reducing the extent of phase separation in such 

hybrid films.  The properties of ‘dry’ alginate-carrageenan films have been shown to be 

dependent on the ratio of the two polymers in the system (Paşcalău et al., 2012).  For 

example, calcium cross-linked films with alginate to carrageenan ratios of 1:1, 1:2, and 

2:1 had higher tensile strength than pure alginate or kappa-carrageenan films, while 

those with ratios of 1:3 and 3:1 had lower tensile strength.  Increasing the kappa-

carrageenan content in alginate-carrageenan films has also been shown to increase the 

swelling of the hybrid films (Roh & Shin, 2006).  For example, films with an alginate to 

carrageen ratio of 1:4 had a water content of approximately 75 % while films with a ratio 

of 4:1 had a water content of approximately 25 %.       

2.6.5 Cellulose 

 Cellulose is another polysaccharide which has been shown to have good film-

forming properties (Park et al., 1993).  As the most abundant natural resource in the 

plant kingdom, its wide availability and low cost make it a desirable candidate for food 

packaging (Park et al., 1993; Rhim & Ng, 2007).  Cellulose is made up of linear chains 

of D-glucose molecules linked by (1→4) β-D-glucosidic bonds (Rhim & Ng, 2007).  The 

flat and linear nature of the cellulose molecules allows them to associate with each 

other via hydrogen bonding over large regions, forming polycrystalline, fibrous bundles.  

These areas are separated by amorphous regions.  In its native form, cellulose is 

insoluble in water, although through derivatization, it can be converted into various 

water-soluble gums.  Some common types of cellulose used in the food industry 

include; microcrystalline cellulose, carboxymethylcellulose, methylcellulose, and 

hydroxypropylmethylcellulose (Damodaran, Parkin, & Fennema, 2008).  Generally, 

cellulose-based films are good oxygen and hydrocarbon barriers (Park et al.,1993; Rhim 

& Ng, 2007).  As mentioned previously, cellulose casings are commonly used for 

manufacturing some sausage products.  Cellulose is also an ingredient in some co-

extruded alginate casings currently used in the market.             
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2.6.6 Gellan Gum 

 Gellan gum is a water soluble, anionic polysaccharide secreted by the bacterium 

Sphingomonas elodea.  Chemically, gellan is a linear molecule composed of D-glucose, 

L-rhamnose, and D-glucuronic acid in a molar ratio of 2:1:1.  There are two types of 

gellan; native or high acyl gellan gum and low acyl gellan gum.  In its native form two 

acyl substitutes (acetate and glycerate) are present, both on the same glucose residue.  

On average, there is one acetate group for every two tetrasaccharide repeat units and 

one glycerate group per repeat unit.  Complete removal of the acyl groups results in low 

acyl gellan gum.  Similar to carrageenan, low acyl gellan gels are formed upon cooling a 

hot solution below its gelling temperature in the presence of adequate amounts of 

gelling cations (Damodaran, Parkin, & Fennema, 2008).  While both monovalent and 

divalent cations can be used, divalent cations (i.e., Ca2+) are more effective (Tang, 

Tung, & Zeng, 1996).  The gelation mechanism for gellan gum is not fully understood.  

In the solid state, it is thought that gellan gum exists as a left-handed 3-fold double 

helix.  Under certain conditions, these double helices can aggregate (Tapia et al., 2008).    

The gelation temperature for high acyl gellan solutions is much higher than for low acyl 

gellan solutions (Mao, Tang, & Swanson, 2000).  Additionally the gels formed by the two 

types of gellan are quite different.  The low acyl gellan produces firm, non-elastic, and 

brittle gels (with textures similar to kappa-carrageenan gels), while the high acyl gellan 

produces soft, elastic, and non-brittle gels (Damodaran, Parkin, & Fennema, 2008).    

Mixing the two types of gellan can result in gels with intermediate textures (Mao, Tang, 

& Swanson, 2000).  Gellan gum is used in a wide variety of food applications, such as, 

confectionary products, jams and jellies, pie fillings, dairy products, water-based gels, 

and icings (Stephen et al., 2006).  Gellan has also been explored as a material for 

edible films and coatings (Tapia et al., 2008; Yang, Paulson, & Nickerson, 2010; Yang & 

Paulson, 2000).  Due to their hydrophilic nature, gellan films have been shown to lose 

their integrity when contacted with water (Yang & Paulson, 2000).  However, treating 

the films with Ca2+ improved the films strength and water barrier properties (Yang et al., 

2010).    
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2.6.7 Pectin 

 Pectin is a polysaccharide found in the cell walls of terrestrial plants (Maxwell, 

Belshaw, Waldron, & Morris, 2012).  However, for commercial production pectin is 

extracted from citrus peel (usually lemon or lime) or apple pomace which are by-

products of the fruit juice industry.  During acid extraction, the more complex native 

pectin molecules are converted into methyl esterified polygalacturonic acid.  Thus, 

commercial pectins are water-soluble linear chains of (1→4)-α-D-guluronic acid units.  

Neutral sugars (mainly L-rhamnose) are also present along the chain.  Rhamnose 

causes irregularities in the pectin structure (‘pectic elbow’) which facilitate the formation 

of a three dimensional gel network (i.e., it limits the size of the junction zones, 

preventing precipitation/complete insolubility).  The acid groups in the pectin molecule 

may either be free, combined as a methyl ester, or as sodium, potassium, calcium or 

ammonium salts, and in some pectins amide groups may also be present.  High-

methoxyl pectins (HM) are pectins which have greater than 50 % of their carboxyl 

groups in the methyl ester form, whereas low-methoxyl (LM) pectins are pectins that 

have less than 50 %.  Amidated LM pectins have been treated with ammonia to convert 

some (15-25 %) of their methyl ester groups into carboxamide groups (Damodaran, 

Parkin, & Fennema, 2008; Stephen et al., 2006).               

 The characteristics of pectin gels are highly dependent on the type of pectin 

used.  HM pectins can form non-thermoreversible gels in the presence of sufficient acid 

and sugar (at least 55 %).  On the other hand, LM pectins rely on the presence of 

divalent cations (i.e., Ca2+) to form thermoreversible gels.  Typically the ‘egg-box’ model 

proposed for calcium-alginate gels (Figure 2.2) is also used to explain the formation 

calcium-LM pectin gels (Damodaran, Parkin, & Fennema, 2008).  However, recent work 

found differences between alginate and pectin in their calcium binding behaviours (Fang 

et al., 2008).  It was hypothesized that the random distribution of ester and amide 

groups along the LM chain allowed for more defects in the formation of egg-box dimers 

and may hinder subsequent lateral association of the dimers. This may explain why in 

certain studies, pure Ca-alginate films have been shown to have higher tensile strength 
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than pure Ca-pectin films (Bierhalz et al., 2012; da Silva et al., 2009; Galus & Lenart, 

2013; Gohil, 2011; Sriamornsak & Kennedy, 2008).   

 There has also been some work studying mixed alginate-pectin gels and films 

(Bierhalz et al., 2012; da Silva et al., 2009; Galus & Lenart, 2013; Gohil, 2011; 

Lambrech, Sorrivas, Villar, & Lozano, 2009; Walkenström, Kidman, Hermansson, 

Rasmussen, & Hoegh, 2003).  The literature suggests that the mechanical properties of 

the mixed alginate-pectin gels depend on the pectin-alginate ratio, the DE of the pectin, 

as well as the M to G ratio of the alginate (Stephen et al., 2006).  Walkenström et al. 

(2003) found the strongest synergism to occur between alginate with a low M to G ratio 

and pectin with a high degree of esterification.  The pH of the mixture also influences 

gel formation.  Generally, a pH greater than 4 hinders gel formation (Gohil, 2011).  This 

is because the pKa
 values of the uronic acid residues on the alginate and pectin chains 

are between 3.4 and 3.7 and partial protonation is required to prevent electrostatic 

repulsion between the alginate and pectin chains.  The methyl groups on the pectin also 

naturally reduce electrostatic repulsion by neutralizing the overall charge of the pectin.  

This may explain why high methoxyl pectin tends to form stronger gels with alginate 

than low methoxyl pectin (Thom, Dea, Morris, & Powell, 1982).  Although the nature of 

the synergistic interaction between pectin and alginate is not fully understood, it is 

thought to be due to the association of the G blocks of alginate and the methyl ester 

regions of pectin of low charge which pack together in rigid ribbons (Oakenfull, Scott, & 

Chai, 1990; Thom et al., 1982; Toft, Grasdalen, & Smidsrød, 1986).  Adding Ca2+ to 

alginate-pectin systems drastically changes the mechanical properties of the hybrid gels 

(Gohil, 2011).           

2.6.8 Starch 

 Unlike the aforementioned polysaccharides, starch is a digestible carbohydrate 

which contributes 70-80 % of the calories consumed by humans worldwide 

(Damodaran, Parkin, & Fennema, 2008).  Commercial starches come from a wide 

variety of sources including cereal grain seeds (corn, wheat, & rice) and tubers and 

roots (potato & cassava-tapioca starch).  In nature, starch exists in discrete packets, 

referred to as granules.  The size and shape of these granules varies with plant source.  
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The granules contain a mixture of two polymers, amylose and amylopectin.  Amylose is 

a relatively linear chain of (1→4)-α-D glucose units with very few branches connected 

by α-D-(1→6) linkages.  Contrarily, amylopectin is a highly branched molecule (many 

(1→6)-α-D-glucose linkages).  The clustered branches of amylopectin pack together as 

double helices and these helices further pack together to form small crystalline lamellae.  

Higher amounts of crystalline lamellae are found in the denser layers of starch granules 

and these layers alternate with less dense, amorphous layers.  This results in an 

ordered, radial structure within the granule that causes the native starch granules to 

exhibit birefringence under polarized light.  The birefringence is observed as a white 

cross on a black background and is commonly known as a Maltese cross effect 

(Damodaran, Parkin, & Fennema, 2008; Stephen et al., 2006).  

 Native starch granules are not very soluble in cold water.  However, if starch 

granules are heated in water, they undergo a phenomenon referred to as gelatinization.  

As the temperature increases, the granules swell and amylose leaches from the 

granule.  With continued heating, the starch granules eventually become so swollen that 

they become susceptible to rupture and disintegration.  This results in a starch paste 

which consists of a continuous phase of solubilized amylose and/or amylopectin 

molecules and a discontinuous phase of granule remnants.  The point at which there is 

a total loss of crystallinity and birefringence of the granules is referred to as the 

gelatinization point/temperature.  If a starch paste is cooled, some of the starch 

molecules will reassociate to form a precipitate or a gel in a process known as 

retrogradation.  The presence of fats, proteins, sugars and acids and the amount of 

water in the system will all influence the extent of reassociaiton of the molecules 

(Damodaran, Parkin, & Fennema, 2008).   

 Native starches can also be modified to improve the characteristics of the pastes 

and gels.  Some examples of modified starches include; pregelatinized starches, acid 

modified starches, and cross-linked starches.  Pregelatinized starch or instant starch is 

commonly used in instant gravies and puddings.  It is made by heating starch granules 

to temperatures just below gelatinization (where the starch granules are swollen but not 

too many are broken) and then drying the starch.  The result is a starch that is 
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dispersible in cold water which can increase the viscosity of the solution quickly without 

much heat.  Acid modified starches (used in candy manufacturing) are made by holding 

the starch granules in an acidic medium below their gelatinization temperature prior to 

drying.  The acid is able to hydrolyze glycosidic bonds in the granules without breaking 

up the granules.  Cross-linked starches are made by creating covalent bonds between 

adjacent starch chains.  Cross-linking prevents normal starch swelling behaviour.  In 

turn, these starch granules have a greater stability to agitation, heat, damage from 

hydrolysis and are less likely to rupture (Damodaran, Parkin, & Fennema, 2008).   

 There has been considerable interest in using starch as a material for biopolymer 

films (Arık Kibar & Us, 2013; Bertuzzi, Castro Vidaurre, Armada, & Gottifredi, 2007; 

Fazilah et al., 2011; Liu, Kerry, & Kerry, 2005; Romero-Bastida et al., 2005; Talja, 

Helén, Roos, & Jouppila, 2007; Wang et al., 2007).  Typically starch films are good 

oxygen, carbon dioxide, and lipid barriers, but their water vapour barrier and mechanical 

properties may limit their uses (Kester and Fennema, 1986).  Blending starch with other 

materials, such as alginate or cellulose, is one method that may be used to improve the 

functional properties of starch films (Arık Kibar & Us, 2013; Fazilah et al., 2011).  Adding 

rice starch to Ca-alginate gels has been shown to increase their rigidity and decrease 

their elasticity and resistance to shear and twist.  It has also been shown to increase the 

activation energy needed to gel alginate.  This may be a result of the starch interacting 

with the free carboxylate groups on the alginate, thereby interfering with their ability to 

interact with Ca2+ (Chrastil, 1991).  With regards to sausage casings, some 

manufacturers are adding starch to their co-extruded alginate casings.       

2.6.9 Plasticizers 

 Plasticizers are small, low molecular weight, non-volatile molecules that can be 

added to films to increase their flexibility and decrease their brittleness (Rhim & Ng, 

2007; Vieira, da Silva, dos Santos, & Beppu, 2011).  Some example of food-grade 

plasticizers are sorbitol, glycerol, mannitol, sucrose and polyethylene glycol 

(Embuscado & Huber, 2009).  These molecules work by decreasing the intermolecular 

forces along the polymer chain allowing for more chain mobility and flexibility (Da Silva 

et al., 2009).  They are also known to decrease the glass transition temperature of 
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materials (Arık Kibar & Us, 2013).  Since water molecules are able to decrease the 

glass transition temperature and increase the free volume of biomaterials they can be 

classified as plasticizers.  In fact, water is considered the most powerful ‘natural’ 

plasticizer of hydrocolloid-based films (Vieira et al., 2011).  Plasticizers can also exhibit 

some negative effects on edible films.  These include increases in gas, solute, and 

water vapour permeability as well as decreases in film cohesion.  It is important to note 

that above a certain concentration, the plasticizer will no longer be compatible with the 

biopolymer and phase separation can occur (Da Silva et al., 2009). 

 There have been many studies exploring the effects of plasticizer addition on the 

properties of biopolymer films.  Olivas and Barbosa-Cánovas (2008) explored the effect 

various plasticizers (fructose, glycerol, sorbitol, and polyethylene glycol) had on the 

mechanical properties of dried Ca-alginate films conditioned at several RH (58 %, 78 %, 

and 98 %).  They found that films containing plasticizer had lower tensile strength than 

those without plasticizer at all RHs.  They also reported a significant increase in 

elongation of films conditioned at 78 % and 98 % RH (but not 58 % RH) when various 

plasticizers were added to the films.  Increasing the glycerol concentration in the 

calcium bath has also been reported to increase the elongation and decrease the 

tensile strength of ‘dry’ alginate-pectin composite films (Da Silva et al., 2009).  Similar 

trends have also been observed when various plasticizers have been added to ‘dry’ 

gelatin, gellan, cellulose, gluten, and un-crosslinked alginate films (Bergo & Sobral, 

2007; Donhowe & Fennema, 1993; Gontard et al., 1992; Parris, Coffin, Joubran, & 

Pessen, 1995; Yang & Paulson, 2000). 

  



 
 

30 

Chapter 3 Characterization of ‘Wet’ Alginate and Composite Films 

Containing Gelatin, Whey, or Soy Protein 
(Published in Food Research International 52 (2013) 452-459) 

3.1 Abstract 

 The following study explored how the addition of various proteins (gelatin, soy 

protein isolate (SPI) and heated/unheated whey protein isolate (WPI)), at two different 

concentration levels (1 % and 2 %), affected the mechanical, microstructural and optical 

properties of calcium cross-linked ‘wet’ alginate films.  Additionally, the water holding 

capacity and textural profile analysis (TPA) properties were determined for the alginate-

protein gels.  Adding all types of protein significantly (P < 0.05) decreased the force to 

puncture the ‘wet’ alginate-protein composite films compared to the control alginate film.  

The tensile test showed significant differences in tensile strength between the various 

films but interestingly there was no significant difference in the percent elongation at 

breaks between any of the films.  Micrograph images showed that the SPI and heated 

WPI formed relatively larger protein clumps/regions in the alginate films whereas the 

gelatin and unheated WPI appeared to be more integrated into the alginate film.  The 

heated WPI films were the least transparent of all the films, followed by the SPI films.  

Few TPA differences existed between the alginate-protein gels.  However, the alginate-

gelatin gels did have significantly less water loss than the other alginate-protein gels 

suggesting that alginate and gelatin may be the most compatible of all the alginate-

protein combinations tested. 

3.2 Introduction 

 Sausage making dates back many centuries.  Traditionally sausage meat was 

stuffed into sheep, hog and beef intestines.  These natural casings still play a significant 

role in the sausage casing industry today.  In fact, Koolmees, Tersteeg, van den Broek, 

and Bradley (2004) estimated the world trade of natural casings to be approximately 

$2.5 billion annually.  Along with natural casings, many other types of casings, including 

manufactured collagen, cellulose and plastic casings are commonly used in the 

sausage industry (Savic & Savic, 2002).  These artificial casings offer several 

advantages over their natural counterparts including a more uniform size, strength and 



 
 

31 

flexibility for varying processing conditions; a greater consistency in net product weight; 

and a cleaner, more sanitary product (Kutas, 1987).  However, like natural casings, 

artificial casings are of a finite length and thus sausage stuffing remains a batch 

process.    

 The most recent development in the area of sausage casings is the use of co-

extruded alginate, collagen or alginate-collagen hybrid casings.  In the co-extrusion 

process, a thin layer of collagen, alginate or alginate-collagen hybrid coating is extruded 

onto the meat batter as it is being extruded from the stuffer.  In the case of collagen, the 

collagen fibers are oriented into a woven structure by counter-rotating concentric cones 

on the extruder (Embuscado & Huber, 2009).  The coated sausage then enters a brine 

bath to dehydrate the casings and increase their tensile strength.  The alginate casings 

are cross-linked in a calcium chloride bath, while the hybrid alginate-collagen casings 

are first cross-linked with calcium salt and then liquid smoke (mainly the aldehyde 

component) for protein-protein cross-linking.  Alternatively, the collagen casings go 

through a sodium chloride bath prior to being cross-linked with liquid smoke.     

 The major advantage of the co-extrusion process is that it continuous as 

opposed to a batch process, and thus is capable of large production volumes (Smits, 

1985).  Additionally, the risk of microbial contamination of fresh sausage is decreased 

with this process as fewer people handle the product during processing (Anonymous, 

2012).  Overall, the amount of waste (i.e., when using preformed casings the ends of 

casings and casings that break cannot be used for stuffing) and re-work is also 

significantly reduced by using a co-extrusion system (Anonymous, 2012).  While some 

companies in North America have adopted this new co-extrusion technology, little is 

known about these co-extruded casings.   

 Derived from brown seaweeds, alginate is a salt of alginic acid which is a 

polymer of β-D-mannuronic acid (M) and α-L-guluronic acid (G).  A divalent cation is 

required to gel alginate.  The most commonly used cation to gel alginate is Ca2+; 

however magnesium, manganese, aluminum, ferrous and ferric ions can also be used 

(Kester & Fennema, 1986).   
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 Co-extruded alginate casings are a type of edible biopolymer film. Currently, 

there is limited research focused specifically on the use of biopolymer films as edible 

sausage casings.  However, some works have been done comparing ‘dry’ heat-treated 

whey protein based edible films to manufactured collagen casings (Simelane & Ustunol, 

2005; Amin & Ustunol, 2007).  Here, ‘dry’ means that the water has been removed from 

the film and it can be used/stored this way.  Additionally researchers have explored how 

corn or olive oil affected the physical properties and shelf life of extruded ‘dry’ pectin 

and sodium alginate blend film/casings (Liu, Kerry, & Kerry, 2006, 2007).   

 While the scientific literature for sausage casing applications is scarce, there 

have been many publications in the area of biopolymer based films for other food and 

packaging applications (Embuscado & Huber, 2009; Zhang & Mittal, 2010).  With regard 

to ‘dry’ alginate films researchers have studied both the mechanical and barrier 

properties of the films (Olivas & Barbosa-Cánovas, 2008; Rhim, 2004; Wang, Liu, 

Homes, Kerry, & Kerry, 2007).  Researchers have also created ‘dry’ alginate composite 

films by adding both polysaccharides, including pectin and sago starch (daSilva, 

Bierhalz, & Kieckbusch, 2009; Fazilah et al., 2011, Gohil, 2011), and proteins, including 

whey protein and gelatin (Villagόmez-Zavala et al., 2008; Wang, Auty, & Kerry, 2010).  

The work by Wang et al. (2010) suggests that a film with high tensile strength could be 

obtained by mixing sodium alginate and gelatin, while the inclusion of whey protein 

isolate to alginate negatively impacts the tensile strength of ‘dry’ films.  However, it is 

unknown if these polymers will interact in a similar fashion in a ‘wet’ alginate composite 

film.  ‘Wet’ in this context refers to films with around 90 % moisture content.  Soy protein 

isolate (SPI) is another protein that has been used widely in both composite and non-

composite ‘dry’ edible films (Cao, Fu, & He, 2007; Denavi et al., 2009; Gennadios, 

Brandenburg, Weller, & Testinr, 1993; Zhang & Mittal, 2010).  Shih (1994) explored the 

film forming potential of soy protein isolate and sodium alginate and found that while 

‘dry’ composite films could be made, SPI and propylene glycol alginate (PGA) at 

alkaline pH formed films with superior mechanical properties.          

 Currently there is no published literature on ‘wet’ edible films for use as sausage 

casings, even though they are already used commercially by a few processing plants 
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around the world.  Further understanding the chemistry behind these ‘wet’ alginate 

films/casings is important as it could lead to the development of stronger or more elastic 

sausage casings and improved processing techniques.  The objective of the following 

research was to gain a better understanding of ‘wet’ alginate films for potential use in 

the sausage casing industry; specifically, understanding how the addition of various 

proteins affects the mechanical, microstructural and optical properties of the ‘wet’ 

alginate films.    

3.3 Materials and Methods 

3.3.1 Ingredients for Film Formation 

 Alginate (GRINDSTED® Alginate FD 6965, Danisco USA Inc., Rochester, NY, 

USA); Whey protein isolate (WPI; BiPro, protein 95 %, lactose 1 %, Davisco Foods 

International, Inc, Le Sueur, MN, USA); Soy protein isolate (SPI; Soy Protein Supro 515, 

protein 90 %, supplied by Hela Spice Canada, Inc., Uxbridge, ON, Canada); Gelatin 

(Gelatine 175 Bloom, supplied by Hela); and Calcium chloride (Anhydrous pellets 4-20 

mesh, Fisher Scientific, Fair Lawn, NJ, USA) were used in this experiment. 

3.3.2 Preparation of Film Solutions 

 WPI and SPI were dissolved in double deionized water at 23 °C by using a 

stirring hotplate (Fisher Scientific) to form 1 wt.% and 2 wt.% protein solutions.  For the 

heated WPI solutions, the WPI was first dissolved in water at 23 °C and then heated in 

a water bath (Fisher Water Bath, Fisher Scientific) to 80 °C for 30 min.  The gelatin 

needed to be solubilized in 60 °C double deionized water.  The 1 wt.% and 2 wt.% 

solubilized gelatin solutions were then heated to 80 °C in 50 mL polypropylene 

disposable centrifuge tubes (Fisher Scientific) and held at that temperature for 30 min in 

a similar fashion as the heated WPI solutions.  Both the heated WPI and gelatin 

solutions were cooled to 23 °C before the alginate was added.  Alginate was mixed by 

hand into all of the protein solutions to obtain 5 wt.% alginate in each of the solutions 

(concentration was determined by preliminary experiments).  The total hand mixing time 

was 15 minutes.  A control sample of 5 wt.% alginate was also made.  In order to 

remove some of the air incorporated into the alginate-protein solutions during mixing, 



 
 

34 

each of the solutions was degassed by using a Multivac vacuum packager (Multivac 

Canada Inc., Woodbridge, ON, Canada) at 7.3 kPa for 25 sec then again at 7.3 kPa for 

50 sec and 75 sec (settings 4, 6 and 8 respectively).  The solutions were then allowed 

to hydrate for a minimum of 2 h at 23 °C. 

3.3.3 Film Formation 

 After hydration, 1.5 g portions of the solutions were rolled onto a plastic covered, 

stainless steel board by using a stainless steel roller with a recess of 0.34 mm in order 

to achieve consistent film thickness.  The roller with the film on it was then placed in a 5 

wt.% calcium chloride bath for 60 sec in order to gel the film.  After 60 sec, the film was 

fully cross-linked on both sides and could be peeled off of the roller.  The cross-linked 

film was put into a folded piece of plastic wrap to prevent drying of the film before it was 

tested.    

3.3.4 Viscosity of Film Forming Solution 

 The viscosity of the film forming solution was measured at 23 °C by using a 

Brookfield Synchro-Lectric Model RV Viscometer (Brookfield, Middleboro, MA, USA) 

after the solution had hydrated for a minimum of 2 h.  Measurements were taken once 

at 2, 4, 10 and 20 rpm for each of the three trials.   

3.3.5 Mechanical Properties and Film Thickness 

 The films were cut into 75 mm x 25 mm strips (JDC Precision Sample Cutter, 

Thwang-Albert Instrument Company, Philadelphia, PA, USA).  Three thickness 

measurements (top, center and bottom) were taken on each strip by using a digital 

micrometer (Testing Machines Inc., Islandia, NY, USA) and the average thickness for 

each strip was used for the tensile stress calculations.  The films were evaluated by 

using a TA-XT2i texture analyzer (Texture Technologies Corporation, Scarsdale, NY, 

USA) according to the ASTM-D882 (2010) standard tensile testing procedure.  The 

gripper distance was set at 50 mm, the trigger force at 8 g, the test speed at 2 mm/s 

and the test distance at 75 mm.  From the generated stress-strain curve, the tensile 

strength (the maximum stress the film endured prior to breaking) and the percent 

elongation (the maximum elongation the film reached prior to breaking) were 
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determined.  A total of eighteen films were tested for each of the treatments (six films 

per trial).       

 The texture analyzer was also used to test the puncture strength of the films.  In 

this test, a 5 mm ball probe was used to puncture the uncut films.  The test speed was 

10 mm/s and the trigger force was 5 g.  The force, distance and work to puncture the 

films were determined from the generated force-distance graph.  Again, a total of 

eighteen films were tested for each of the treatments (six films per trial).  The average of 

the six measurements was taken for each of the three separate trials and used for 

statistical analysis. 

3.3.6 Optical Property 

 The visible light transmission (380-780 nm) of the wet films was evaluated by 

using a single beam USB 2000 Spectrophotometer (Ocean Optics Inc., Dunedin, FL, 

USA).  The following settings were used: integration time: 25 ms, scans to average: 2 

and boxcar width: 4.  The light transmission was taken on eighteen films for each 

treatment (six films per trial). 

3.3.7 Light Microscopy 

 Cross sections of the protein-alginate films were prefixed in a 10 % neutral 

buffered formalin solution for 1 h at room temperature, and subsequently dehydrated in 

70 % isopropanol solution for 1 h, a 95% isopropanol solution overnight, and finally a 

100 % isopropanol solution for 1 h.  In order to prevent migration of the calcium from the 

film into the formalin or 70 % and 95 % isopropanol solutions, calcium chloride was 

added to these solutions at a concentration of 5 wt.% in the water phase.  Following 

xylene dehydration the samples were embedded in paraffin and cut into 4-6 μm 

sections.  The protein in the films was stained with hematoxylin and eosin (H&E) while 

the carbohydrates were stained with periodic-acid Schiff (PAS) stain.  An Olympus BX 

60 Transmitted Reflected Light Microscope (Olympus Corporation, Centre Valley, PA, 

USA) was used to visualize the samples.  Representative images were taken by using 

Image Pro Plus (Version 4.0, Media Cybernetics, Inc., Bethesda, MD, USA) software.      
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3.3.8 Water Holding Capacity 

 Protein-alginate film solutions were prepared according to the methodology 

described above; however the concentration of alginate was reduced to 2 wt.% and the 

protein concentrations were reduced to either 0.4 wt.% or 0.8 wt.%  This was done to 

decrease the viscosity of the film solutions in order to make it easier to funnel the 

solutions into dialysis tubes.  After the hydration period, the samples were funneled into 

Specta/Por Dialysis Membranes (Flat Width: 25 mm ± 2 mm, Diameter: 16 mm, MWCO: 

12-14,000, Spectrum Laboratories, Inc., Rancho Dominguez, California, USA).  The 

filled dialysis tubes were allowed to dialyze in a 5.5 % stirred calcium chloride solution 

at 23 °C overnight under constant stirring.  The ratio of the film solution to calcium 

chloride solution was 1:10.  On the next day, the gelled samples were carefully removed 

from the dialysis tubes and cut with a razor blade into 10 mm tall gel pucks.  These gel 

pucks were used for both the water holding capacity and texture profile analysis (TPA) 

tests.  To test the water holding capacity of the gels, the pucks were centrifuged (IEC 

21000, International Equipment Company, Needham Heights, MA, USA) at 6600 rpm 

(4850 g force) for 10 min.  The separated water was weighed and expressed as a 

weight percentage of the original gel puck weight.  Nine pucks were tested for each 

treatment (three pucks per trial).       

3.3.9 TPA and Gel Fracturability 

 The preparation of gel pucks allowed for the testing of a larger volume of gel 

material in order to evaluate some other textural properties of the gels that could not be 

determined by using a thin film.  The gel pucks were compressed by 45 % of their initial 

height (4.5 mm) in the standard two-cycle TPA test by using the TA-XT2i Texture 

Analyzer (Texture Technologies Corporation, Scarsdale, NY, USA).  Hardness, 

chewiness, gumminess, cohesiveness and springiness were determined.  The test 

speed was set at 1.5 mm/s and the trigger force at 8 g for the compression test.  

Additionally the gel pucks were compressed by 70 % of their initial height (7mm) in 

order to determine the force (N) and distance (mm) to fracture the gels.  Eighteen pucks 

were tested for each of the treatments (six pucks per trial).     
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3.3.10 Experimental Design and Statistical Analysis 

 The design was a completely randomized block with 3 independent trials and 9 

film types.  Each trial was conducted over a two week period.  Films were tested on the 

day they were made (on average, two film types were prepared per day).  In each trial, 

six films (or pucks) from each film type were tested for each of the tests (puncture, 

tensile, spectroscopy, TPA and gel fracturability).  The six subsamples’ values were 

averaged for each film type in each trial.  The statistical analysis was performed by 

using SAS Version 9.2 (SAS Inst., Cary, NC, USA).  A General Linear Model was used 

for the analysis of variance (ANOVA).  The film type means were compared by using 

Tukey’s multiple comparison analysis with a P-value ≤ 0.05 used to detect statistical 

significance.   

3.4 Results and Discussion 

 In this study, 1 % and 2 wt.% gelatin, soy protein isolate (SPI) and unheated and 

heated whey protein isolate (WPI) were added to a 5 wt.% alginate solution and cross-

linked in a calcium chloride bath to produce ‘wet’ alginate-protein composite films.  At 

both protein concentrations, all of the proteins were able to form composite films with 

the alginate.  There were few differences (P < 0.05) in the thickness of the produced 

films (Table 3.1).  However, differences did exist in both the mechanical and 

microstructure properties of the various protein-alginate films as will be discussed 

below. 

 The mechanical strength of sausage casings will influence the consumer’s 

perception on toughness (or bite/snap) of the sausage (Bakker, Houben, Koolmees, 

Bindrich, & Sprehe, 1999).  The strength and elasticity of the casing are also important 

during the processing of the sausage as the casing must be strong enough to hold the 

meat but able to expand slightly during stuffing and cooking (Bakker et al., 1999; 

Simelane & Ustunol, 2005).  Along with the tensile test, the puncture test was used to 

evaluate both the strength and elasticity (i.e., distance to puncture) of the films.  Figure 

3.1 illustrates that adding all types of proteins significantly (P < 0.05) decreased the 

force to puncture the alginate films.  This suggests that the proteins may be interrupting 
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the alginate structure, thus causing the films to be weaker.  Additionally, with the 

exception of soy protein, the 2 % protein films showed significantly (P < 0.05) lower 

puncture force than their 1 % counterparts (Figure 3.1), indicating that the weakening of 

the films is related to the concentration of protein in the film.  These results are in 

accordance with results by Wang et al. (2010) who reported that in dried cast sodium 

alginate-gelatin-WPI composite films sodium alginate had the most positive effect on 

puncture strength (i.e., increase in puncture strength), while increasing the proportion of 

WPI in the dry composite films resulted in decreased puncture strength values.  It 

should be noted that while the addition of proteins significantly (P < 0.05) decreased the 

force to puncture the alginate films, the puncture force of the alginate-protein films was 

still comparable to those of ‘wet’ manufactured collagen breakfast casings (Harper, 

Barbut, Lim, & Marcone, 2012).  The four commercial breakfast sausage casings in that 

study had a range of puncture forces of 3.8-9.4 N.          

 Unlike the puncture force results, the 1 % unheated whey and 1 % gelatin films 

had distance to puncture values that were not significantly (P > 0.05) different from the 

control alginate film.  In general, the distance to puncture the alginate-protein films 

followed a similar trend as the force to puncture alginate-protein films with the 1% 

unheated whey and 1 % gelatin films having significantly (P < 0.05) higher distance to 

puncture values than the other alginate-protein films (Table 3.1).  Again, with the 

exception of soy protein, all of the 2 % protein films had significantly lower puncture 

distance values than their 1 % counterparts.  Similarly, Table 3.1 shows that the most 

work was needed to puncture the control alginate film (approximately 1.4X as much 

work as the next highest film) reinforcing the idea that the addition of proteins is 

weakening the ‘wet’ alginate films.          

 Figure 3.2 shows the light microscopy images of the ‘wet’ alginate films with 2 % 

added gelatin, soy protein and heated and unheated whey protein.  Images of the 1 % 

protein films followed a similar pattern as the 2 % films except that less protein was 

visible in each film (figures not shown).  In the original color images the protein has 

been stained with H&E and appears red in color, while the alginate stained with PAS 

(for carbohydrates) appears purple in color.  From the images obtained, it appears that 
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the heated whey protein (Figure 3.2b) and soy protein (Figure 3.2c) formed larger 

protein clumps in the film, whereas the unheated whey protein (Figure 3.2a) and gelatin 

(Figure 3.2d) seemed to be more integrated in the alginate film.  The increased 

integration of unheated whey protein and gelatin into the alginate film could explain why 

these two protein films (1 % added) had the numerically highest force, distance and 

work to puncture values of all the alginate-protein films (Figure 3.1, Table 3.1).  This 

observation supports the idea that the decrease in puncture strength of the films is a 

result of proteins disrupting the alginate structure.   

   Marangoni, Barbut, McGauley, Marcone, and Nairne (2000) demonstrated that 

heating whey protein isolate to 80 °C for 30 min caused heat-induced protein unfolding 

and thus loss of tertiary protein structure.  This loss of structure exposes previously 

buried hydrophobic amino acid groups.  It was shown that the addition of calcium salt 

could lead to a decrease in surface charge of the heat-denatured WPI which would 

encourage aggregation of the proteins via hydrophobic reactions.  Additionally, calcium 

is able to cross-link the heated WPI, thus enhancing their aggregation/gelation 

(Marangoni et al., 2000).  This is a plausible explanation of why protein aggregation is 

visible in the heated whey protein films but not visible in the unheated whey protein films 

(Figure 3.2a and b).  This would also explain why the heated whey protein films 

appeared white in color while the unheated whey protein films were translucent.  

Hongsprabhas and Barbut (1997) have shown that increasing the calcium concentration 

in cold-set heat-denatured WPI gels increases the protein aggregate size in the 

resulting gel.  Since the concentration of calcium in the gels produced in this study was 

quite high, it is possible that large whey protein aggregates were formed.  These 

aggregates would scatter more light in the film thereby giving the heated whey protein 

films a whitish color.  This idea is supported by the visible light transmission depicted in 

Figure 3.3 which shows the two heated whey protein films being the least transparent 

(i.e., most light scattered) of all of the alginate-protein films. 

     The tensile test also showed significant (P < 0.05) differences in strength 

between the films, with the 1 % unheated whey protein film having the numerically 

highest tensile strength (Table 3.1).  Unlike the puncture results, the tensile strength of 



 
 

40 

the 1 % unheated whey protein, 2 % soy protein, 2 % unheated whey protein and 1 % 

heated whey protein films were not significantly different from the control film.  In the dry 

alginate-gelatin-WPI composite films, Wang et al. (2010) stated that heated whey 

protein had a larger effect on the tensile strength of the films than gelatin or alginate.  In 

fact, the film with the highest proportion of heated WPI had the highest tensile strength 

in their study.  However, their results also suggested that dry films with a high tensile 

strength could be obtained by mixing gelatin and sodium alginate in the absence of 

heated WPI.  They attributed this to the random coil formation of gelatin which enabled 

it to form a maximum number of interactions with the oppositely charged groups on 

sodium alginate.  Contrarily, Villagόmez-Zavala et al. (2008) showed that sodium 

alginate had a greater reinforcing effect on tensile strength than the heated whey 

protein concentrate (WPC) in their composite dry films with their pure sodium alginate 

film having the highest tensile strength.  In both cases, the amount of whey protein and 

alginate present in the films would be much higher than the amounts present in the films 

produced in this study (1-2 %).  This is due to the concentration of the hydrocolloids that 

occurred with the removal of water during the drying of the films.  Additionally, neither of 

these studies used calcium to cross-link the alginate and both used glycerol as a 

plasticizer in the films.  All of these factors may contribute to the differences observed 

between the previous studies exploring ‘dry’ films and the current work exploring ‘wet’ 

films.   

 Interestingly, although the addition of proteins does appear to influence the 

strength of the alginate films, it does not appear to affect the elasticity of the films.  In 

fact, there was no significant (P > 0.05) difference in elongation at breaks between any 

of the films (Table 3.1).  The elongation break values range from 81.6 ± 4.4 – 95.0 ± 8.3 

%.  These values are much higher than the values reported in the literature for dry 

alginate-gelatin-WPI (12.6 ± 3.2 - 29.4 ± 5.3 %) and dry soy protein-alginate (15.5 ± 0.9 

%) films (Shih, 1994; Wang et al., 2010).  One possible explanation for this 

phenomenon is that the high water content in the ‘wet’ films is acting as a plasticizing 

agent in the film.  Plasticizing agents are known to increase the elongation of films 

(daSliva et al., 2009; Yang & Paulson, 2000). 
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 In addition to the films, 3D gelled puck structures were produced in order to test a 

larger volume of material to explore possible structural relationships between alginate 

and the various proteins.  The results of the two-cycle 45 % compression texture profile 

analysis (TPA) test and 70 % fracture to failure test are reported in Table 3.2.  Overall, 

fewer differences between treatments were seen with the TPA results compared to the 

puncture and tensile results.  In all cases the 0.8 % gelatin gels had significantly (P < 

0.05) higher hardness, gumminess and chewiness values than the 0.8 % soy protein 

gels.  The 0.8 % gelatin gels also had higher gumminess and chewiness values than 

the 0.4 % soy protein gels.  Springiness values have not been reported as there were 

no significant (P > 0.05) differences found between any of the treatments.  The 

cohesiveness values were also similar to each other (approximately 0.60-0.62) and 

therefore have not been presented in Table 3.2.  The fracture to failure results 

demonstrate that there were no significant (P > 0.05) differences in fracture force or 

distance between any of the treatments.  Again the 0.8 % gelatin gels had the highest 

numerical value for both the fracture force and distance, with values of 104.2 ± 8.4 N 

and 5.8 ± 0.2 mm respectively.  Aside from measuring different parameters, the TPA 

and fracture to failure tests measured a larger volume of gel that was gelled over a 

longer period of time (24 h in a dialysis tube vs. 1 min in a calcium bath) than the 

puncture and tensile tests.  We know that the possible slower gelation of the material in 

the dialysis tubes might have affected the gels formed however it provided a nice 

platform to compare the composition of the different gels on the same playing field.  

Additionally the concentration of the hydrocolloids in the gels was less than the 

concentration of hydrocolloids in the films.  This could explain why fewer differences 

were seen between treatments with the TPA and fracture to failure tests.   

 Despite the few differences seen in the TPA and fracture to failure results, 

significant (P < 0.05) water loss differences were seen between the various gels (Table 

3.2).  The 0.8 % gelatin gels had the lowest water loss followed by the 0.4 % gelatin 

gels with 18.6 ± 0.1 % and 21.7 ± 0.5 % water loss respectively.  It appears that of all 

the proteins, gelatin is best able to interact with the water and therefore is able to retain 

more water in its structure during centrifugation.  This is supported by the fact that the 2 

% and 1 % gelatin film forming solutions had the greatest viscosity of all of the solutions 
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(Figure 3.4) when no calcium was added.  It also suggests that alginate and gelatin may 

be the most compatible of all of the alginate-protein combinations as the least water 

was excluded from their gel structure during centrifugation.  This finding is in agreement 

with the microscopic images displayed in Figure 3.2.   

 Optical transparency can be very important in a number of fresh/dry sausages as 

a more transparent casing allows for better presentation of the lean and fat particles in 

the sausage.  The visual appeal of the sausage in its casing ultimately influences the 

consumer’s purchasing decision.  In this study the heated whey protein films tended to 

be the least transparent, followed by the soy protein films (Figure 3.3).  This 

corresponds to the qualitative observations made in the lab where the heated whey 

protein films appeared white and opaque, the soy protein films had a yellowish-brown 

tint to them, while the gelatin, unheated whey protein and control films appeared very 

transparent.  Again, it is thought that the decreased transparency (i.e., increased light 

scattering) of the heated whey protein is due to the increased protein aggregation in 

these films (Figure 3.2).  Although sensory analysis would have to be conducted on 

sausages in each of these casings, it is suspected that the heated whey protein films 

would be found visually less acceptable to be used as sausage casings.            

 The viscosity of the film forming solution is important for application of the 

solution unto the sausage during co-extrusion.  The viscosity must be high enough that 

the solution will not run off the sausage before it enters the brine bath, but not too high 

that is becomes difficult to pump a thin layer unto the product.  As previously mentioned 

the gelatin-alginate film forming solutions tended to be the most viscous of all of the 

film-forming solutions (Figure 3.4) demonstrating that they have the greatest interaction 

with water.  As expected, all of the 2 % protein films tended to have higher viscosities 

than their 1 % counterparts.  In all cases, adding proteins to the alginate film forming 

solution tended to increase the viscosity of the solution.                

3.5 Conclusions  

 This study was the first to explore the mechanical, optical and microstructural 

properties of ‘wet’ alginate films.  It was shown that adding proteins did influence both 
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the mechanical and optical properties of alginate films.  Adding all types of protein 

significantly (P < 0.05) decreased the force to puncture the ‘wet’ alginate-protein 

composite films compared to the control alginate film.  However, the results suggest that 

‘wet’ alginate films can be made to have puncture properties similar to those of the 

manufactured collagen breakfast sausage casings currently used in the meat industry.  

Even though differences in tensile strength were seen between the various films, the 

addition of proteins did not influence the tensile strain of the ‘wet’ alginate films.  

Therefore, it seems that adding small amounts (i.e., 1 %) of SPI, gelatin and heated and 

unheated WPI can produce films with similar puncture strength as some commercially 

used manufactured collagen breakfast sausage casings while not diminishing the ability 

of the ‘wet’ alginate films to stretch.  However, overall, the pure ‘wet’ alginate films had 

superior mechanical properties over the alginate-protein composite films.  The addition 

of proteins also influenced the transparency of the films, with the heated WPI films 

being the least transparent, followed by the SPI films.  The micrograph images 

suggested that the gelatin and unheated WPI were more integrated into the alginate 

films compared to the SPI and heated WPI.  The alginate-gelatin gel pucks had the 

lowest water loss of all the alginate-protein gels, implying that they may be the most 

compatible alginate protein-gels.  Understanding the characteristics of these ‘wet’ 

alginate films is important for the future development of co-extruded alginate casings as 

more meat processors look to use this new technology.  Understanding the role added 

ingredients, such as, gelatin, SPI and heated and unheated WPI play in these ‘wet’ 

alginate films gives meat processors further insight into possible ways to optimize these 

casings in a cost effective manner.   
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Figure 3.1 Force to puncture 5 % ‘wet’ alginate films with 1 % and 2 % added gelatin, soy protein isolate, 
unheated whey protein isolate or heated whey protein isolate using a 5 mm ball probe 
a-e

 show significant differences (P < 0.05) between means (n = 18)  
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Figure 3.2 Light microscopy images of ‘wet’ alginate films with 2% added (a) unheated whey protein 
isolate, (b) heated whey protein isolate, (c) unheated soy protein isolate and (d) gelatin 
P=protein 
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Table 3.1 Effect of protein addition on the mechanical properties of ‘wet’ alginate films 

Treatment Distance to 
Puncture (mm) 

Work to Puncture 
(N mm) 

Tensile Strength 
(MPa) 

% Elongation   
at Break 

Thickness (mm) 

Control 17.7 ± 0.2
a 

40.1 ± 1.6
a 

1.84 ± 0.11
a,b,c 

88.3 ± 5.9
a 

0.147 ± 0.006
a,b 

1% Gelatin 15.6 ± 1.0
a 

25.6 ± 3.8
b,c 

1.70 ± 0.06
b,c,d 

95.0 ± 8.3
a 

0.153 ± 0.001
a,b 

2% Gelatin 12.7 ± 1.2
b 

13.9 ± 3.6
d,e 

1.44 ± 0.04
d 

92.8 ± 5.7
a 

0.161 ± 0.005
a 

1% Soy 13.3 ± 1.0
b 

17.5 ± 3.3
d 

1.63 ± 0.05
c,d 

81.7 ± 7.4
a 

0.145 ± 0.002
b 

2% Soy 12.4 ± 0.7
b,c 

14.8 ± 2.2
d,e 

1.75 ± 0.10
a,b,c 

87.4 ± 4.0
a 

0.151 ± 0.006
a,b 

1% Whey 16.0 ± 0.3
a 

28.7 ± 1.2
b 

2.02 ± 0.10
a 

91.9 ± 7.4
a 

0.146 ± 0.002
a,b 

2% Whey 12.9 ± 0.9
b 

16.7 ± 3.2
d,e 

1.86 ± 0.14
a,b,c 

90.3 ± 6.3
a 

0.148 ± 0.008
a,b 

1% Heated Whey 13.3 ± 0.5
b 

18.1 ± 2.3
c,d 

1.94 ± 0.17
a,b 

88.5 ± 6.8
a 

0.152 ± 0.009
a,b 

2% Heated Whey 10.6 ± 0.1
c 

  9.9 ± 0.6
f 

1.60 ± 0.03
c,d 

81.6 ± 3.4
a 

0.152 ± 0.004
a,b 

Means ± standard deviation, 
a-f

 show significant differences (P < 0.05) between means (n = 18)  
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Table 3.2 Effect of protein addition on the texture and water holding capacity of alginate gel pucks 

 Texture Profile Analysis  Fracture to Failure Water Loss 

Treatment Hardness 
(N) 

Gumminess 
(N) 

Chewiness          
(N cm) 

Force(N) Distance 
(mm) 

(Percent) 

Control 46.9 ± 1.9
a,b 

27.9 ± 1.0
a,b 

18.5 ± 0.9
b 

89.1 ± 11.0
a 

5.5 ± 0.3
a 

27.0 ± 1.4
b,c 

0.4% Gelatin 47.7 ± 1.6
a,b 

29.0 ± 0.9
a,b 

20.0 ± 0.7
a,b 

92.2 ± 10.0
a 

5.5 ± 0.2
a 

21.7 ± 0.5
d 

0.8% Gelatin 49.4 ± 2.1
a 

30.4 ± 1.4
a 

21.1 ± 1.0
a 

104.2 ± 8.4
a 

5.8 ± 0.2
a 

18.6 ± 0.1
e
 

0.4% Soy 44.4 ± 1.0
a,b 

27.0 ± 0.3
b 

18.5 ± 0.3
b 

91.7 ± 2.4
a 

5.6 ± 0.2
a 

27.1 ± 0.6
b,c 

0.8% Soy 42.7 ± 2.5
b 

26.3 ± 1.4
b 

18.1 ± 0.6
b 

89.6 ± 10.8
a 

5.5 ± 0.4
a 

26.4 ± 1.2
c 

0.4% Whey 47.5 ± 0.5
a,b 

28.5 ± 0.1
a,b 

19.1 ± 0.3
a,b 

83.3 ± 4.0
a 

5.5 ± 0.1
a 

29.4 ± 0.4
a 

0.8% Whey 46.1 ± 4.6
a,b 

27.7 ± 2.1
a,b 

19.2 ± 1.2
a,b 

89.4 ± 4.0
a 

5.5 ± 0.2
a 

28.9 ± 0.4
a,b 

0.4% Heated Whey 46.6 ± 1.6
a,b 

27.9 ± 1.0
a,b 

19.0 ± 0.9
a,b 

93.7 ± 7.3
a 

5.7 ± 0.1
a 

30.1 ± 0.6
a 

0.8% Heated Whey 45.8 ± 0.7
a,b 

28.0 ± 0.7
a,b 

19.1 ± 1.0
a,b 

81.8 ± 8.0
a 

5.3 ± 0.2
a 

28.2 ± 0.4
a,b,c 

Means ± standard deviation, 
a-e

 show significant differences (P < 0.05) between means  
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Figure 3.3 Visible light transmission (n = 18) of ‘wet’ alginate films with 1 % and 2 % added gelatin, soy 
protein isolate, unheated whey protein isolate and heated whey protein isolate  
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Figure 3.4 Effect of protein addition on the viscosity of the alginate film forming solutions (n = 3)   

Refer to Appendix A for a plot of viscosity vs. shear rate 
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Chapter 4 Mechanical and Microstructural Properties of ‘Wet’ Alginate 

and Composite Films Containing Various Carbohydrates 

4.1 Abstract 

 Composite ‘wet’ alginate films were manufactured from 5 % alginate with 0.25 % 

added pectin, carrageenan (kappa or iota), potato starch (modified or unmodified), 

gellan gum, or cellulose (extracted or commercial).   The mechanical, optical and 

microstructural properties of the calcium cross-linked hybrid films were explored.  

Additionally, the water holding capacity and textural profile analysis (TPA) properties of 

the alginate-carbohydrate gels were studied.  Alginate films with pectin, carrageenan 

and modified potato starch had significantly (P < 0.05) greater elongation values than 

pure alginate films.  The alginate-pectin films also had greater (P < 0.05) tensile 

strengths than the pure alginate films.  Alginate films with extracted cellulose, 

commercial cellulose and modified potato starch had lower (P < 0.05) puncture force, 

distance, and work values than the alginate control films.  The TEM images showed a 

very uniform alginate network in the control films.  In the hybrid films, certain added 

carbohydrates (extracted cellulose, potato, modified potato starch) were quite visible 

within the alginate matrix while others (pectin, carrageenan, gellan gum, commercial 

cellulose) were less distinguishable.   

4.2 Introduction 

 Alginate is a popular ingredient for food processors because of its many unique 

colloidal properties, including thickening, stabilizing, suspending, film forming, gel 

producing and emulsion stabilizing (Rhim, 2004).  Chemically, alginate is a linear 

copolymer consisting of (1→4) β-D-mannuronic acid (M) and α-L-guluronic acid (G).  

The M and G residues are arranged in homopolymeric sequences of either M or G 

residues commonly referred to as M or G blocks, which are interspersed by MG 

alternating blocks.  The proportion of M to G residues and the distribution of the 

residues will vary greatly with algal species (Fang et al., 2007).  Alginate is able to form 

gels in the presence of certain divalent metal cations (most commonly calcium).  

Typically, the ‘egg-box’ model has been used to describe the calcium-alginate junction 



 
 

51 

zones although recent work has suggested that this is not the only possible structure for 

the junction zones (Li, Fang, Appelqvist, & Mendes, 2007).   

 Mounting concerns about synthetic packaging wastes and rising petroleum costs 

have led to a growing interest in using alginate as a type of biodegradable packaging 

film (Da Silva, Bierhalz, & Kieckbusch, 2009; Rhim, 2004).  Researchers have explored 

both the mechanical and barrier properties of alginate films (Olivas & Barbosa-Cánovas, 

2008; Rhim, 2004).  They have studied how the addition of various proteins, such as, 

soy protein, whey protein and gelatin influence the properties of ‘dry’ alginate films 

(Shih, 1994; Villagomez-Zavala et al., 2008; Wang, Auty, & Kerry, 2010).  Alginate 

composite films have also been produced using other polysaccharides including kappa-

carrageenan, pectin, pullulan, carboxy-methyl cellulose ,and sago starch (Bierhalz, Da 

Silva, & Kieckbusch, 2012; Da Silva et al., 2009; Fazilah et al., 2011; Galus & Lenart, 

2013; Gohil, 2011; Paşcalău et al., 2012; Tong, Xiao, & Lim, 2008; Xiao, Lim, & Tong, 

2012; Xu, Bartley, & Johnson, 2003).  In some cases, the alginate-carbohydrate 

composite films had superior properties compared to their individual component films.  

For example, Galus & Lenart (2013) showed that 50-50 blends of alginate and low-

methoxyl pectin produced films with increased tensile strength and elongation over pure 

alginate and pectin films.  Alginate-sago starch films can have higher tensile strength 

than pure sago starch films alone (Fazilah et al., 2011).  Certain blends of kappa-

carrageenan and alginate produced films with higher Young’s modulus and tensile 

stress values than pure alginate or kappa-carrageenan films (Paşcalău et al., 2012).  

However, it is important to note that in all of these studies, the alginate films were dried 

during final production.                    

 Sausage casings are one potential use for alginate or alginate composite films 

(Harper et al., 2013).  Recently, some sausage manufacturers have begun using co-

extruded alginate, collagen or alginate-collagen hybrid casings.  During co-extrusion, a 

thin layer of these materials is extruded onto the meat batter as it comes out of the 

stuffer.  In the case of alginate, the coated sausages then enter a calcium chloride bath 

to gel the casings.  Co-extrusion offers several advantages over traditional sausage 

processing.  Primarily, the co-extrusion process allows sausage manufacturers to move 
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from a batch to a continuous process and thus increase their production volumes 

(Smits, 1985).  With fewer people handling the product during processing, the chance 

for microbial contamination of fresh sausage by plant workers is reduced compared to 

traditional batch operations.  Additionally the amount of product waste and re-work is 

significantly reduced (Anonymous, 2012).    

 These co-extruded alginate casings may be considered ‘wet’ films since they are 

not dried prior to being applied on the sausage.  The advantage of using ‘wet’ films is 

they can be formed quickly on the product inline without waiting for a drying step.  

Additionally, they form to the exact shape of the sausage.  Although co-extruded 

casings are used by several North American and European companies, little is known 

about these casings.  However, there have been a few published studies exploring the 

use of biopolymer films as sausage casings.  Heat-treated whey protein films and 

extruded pectin and sodium alginate blend films have been studied for their potential 

use as sausage casings (Amin & Ustunol, 2007; Liu, Kerry, & Kerry, 2007; Liu, Kerry, & 

Kerry, 2006; Simelane & Ustunol, 2005), while starch-alginate films have been studied 

as potential packaging materials for pre-cooked ground beef patties (Wu, Weller, 

Hamouz, Cuppett, & Schnepf, 2001).  In all cases, the biopolymer films were dried 

during their production.  However, there is little information in the literature on ‘wet’ 

edible films for use as co-extruded sausage casings.  ‘Wet’ in this context refers to films 

with an approximate 90-95 % water content.  A better understanding of the properties of 

these ‘wet’ films could lead to improved processing techniques and/or the development 

of stronger, more elastic sausage casings.  In a previous paper, the effect of adding 

whey protein, soy protein and gelatin to ‘wet’ alginate films was explored (Harper, 

Barbut, Lim, & Marcone, 2013).  In this work, the authors wish to further explore how the 

addition of eight various carbohydrates affects the mechanical, optical and 

microstructural properties of the ‘wet’ alginate films. 
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4.3 Materials and Methods 

4.3.1 Ingredients for Film Formation 

 Alginate (GRINDSTED® Alginate FD 6965, Danisco USA Inc., Rochester, NY, 

USA); iota-carrageenan (GENUVISCO® CG-131, CP Kelco, Lille Skensved, Denmark); 

kappa-carrageenan (GENUGEL® CG-130, CP Kelco); low methoxyl (LM) pectin 

(GENU® pectin type LM-104 AS-Z, CP Kelco); low acyl (LA) gellan gum (KELCOGEL® 

F, CP Kelco); potato starch (ELIANE™ 100, AVEBE FOOD, Veendam, The 

Netherlands); modified potato starch (pregelatinized, hydroxyl propyl distarch 

phosphate, ELIANE™ VC 280, AVEBE FOOD); powdered cellulose (from bleached 

softwood pulp and commercially used in sausage casings, ARBOCEL FIC 230, J. 

Rettenmaier USA LP, Schoolcraft, MI, USA); calcium chloride anhydrous (Fisher 

Scientific, Fair Lawn, NJ, USA); and extracted cellulose from soybean chaff were used 

in this experiment.  The extraction method for the cellulose from soybean chaff is 

described in detail by Jensen (2012) and Chan (2012).  Briefly, the dried soybean chaff 

(both pods and stems) were ground using a mill grinder fitted with a 1 mm sieve (Model 

3, Thomas Wiley, Swedesboro, NJ).  The ground fibers were soaked in distilled water 

for 3 h at 23 °C.  After removing excess water, the damp soy fibers were treated with 

sodium hydroxide at 90 °C for 2 h.  The fibers were neutralized by filtering against 

running water and then treated with 1 M HCl at 90 °C for 2 h.  The fibers were washed 

and neutralized again before being introduced back into an alkaline treatment using 

NaOH.  After a final washing, the soy fibers were sheared for 5 min using a rotary 

homogenizer (PowerGen 1000, Fisher Scientific) and then fed through a high pressure 

homogenizer for 20 passes at 4000 to 6000 PSI (Model 15MR, Laboratory 

Homogenizer, APV Gaulin, Concord, ON). 

4.3.2 Preparation of Film Solutions 

 The various complex carbohydrates (iota-carrageenan, kappa-carrageenan, LM 

pectin, LA gellan gum, potato starch, modified potato starch, commercial cellulose (FIC 

230) and extracted cellulose were dissolved in double deionized water.  The modified 

starch, commercial cellulose and potato starch were dissolved directly into 23 °C double 

deionized water, while the carrageenan, pectin and gellan gum were solubilized in 



 
 

54 

heated double deionized water (80 °C, 70 °C and 75 °C, respectively).  After dissolution 

at 23 °C, the potato starch was heated to 75 °C and held at that temperature for an 

additional 10 min with continuous stirring in order to gelatinize the starch (no Maltese 

cross effects were seen under polarized light microscopy after 10 min at 75 °C).  In 

order to better mix the extracted cellulose into the 23 °C double deionized water, the 

extracted cellulose solution was sonicated (Vibra-Cell™, Model VC 505, Sonics and 

Materials, Inc., Newtown, CT, USA) at 35 % amplification for 30 s.   5 wt. % alginate 

was mixed by hand (total mixing time of 15 min) into all of the carbohydrate solutions.  

The final concentration of the alginate-carbohydrate solutions was 5 wt.% alginate and 

0.25 wt.% added carbohydrate.  A control sample of 5 wt. % alginate was also made.  

The alginate-carbohydrate solutions were degassed by using a vacuum packager 

(Multivac Canada Inc., Woodbridge, ON, Canada) at 7.3 kPa for 25, 50 and 75 s and 

then allowed to hydrate for a minimum of 2 h at 23 °C.  After hydration, the viscosity of 

the film forming solution was measured at 23 °C by using a Brookfield Synchro-Lectric 

Model RV Viscometer (Brookfield, Middleboro, MA, USA).  Measurements were taken at 

2, 4, 10 and 20 rpm using spindle 7 for each of the three trials. 

4.3.3 Film Formation 

 Films were produced according to the methods published by Harper et al. (2013).  

Briefly, 1.5 g portions of the hydrated solutions were rolled onto a plastic covered 

stainless steel board by using a stainless steel roller with a recess of 0.34 mm.  The film 

(on the roller) was cross-linked in a 5 wt. % calcium chloride bath for 60 s. 

4.3.4 Film Thickness and Mechanical Properties 

 A digital micrometer (Testing Machines Inc., Islandia, NY, USA) was used to take 

three thickness measurements (top, centre and bottom) on each film and the average 

thickness for each film was used for the tensile stress calculations.  A TA-XT2i texture 

analyzer (Texture Technologies Corporation, Scarsdale, NY, USA) was used to 

evaluate both the tensile and puncture properties of the films.  For the tensile test, the 

films were cut into 75 mm x 25 mm strips (JDC Precision Sample Cutter, Thwang-Albert 

Instrument Company, Philadelphia, PA, USA).  The tensile test was carried out 
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according to the ASTM-D882 (2010) standard tensile testing procedure and was used to 

determine the tensile strength, percent elongation at break, and Young’s modulus of the 

films.  The gripper distance was set at 50 mm, the trigger force at 8 g, the test speed at 

2 mm/s and the test distance at 75 mm.  The puncture test was carried out on uncut 

films by using a 5 mm ball probe with a test speed of 10 mm/s and a trigger force of 5 g.  

The force, distance and work to puncture the films were determined from the generated 

force-distance graph.  For both the tensile and puncture tests, a total of eighteen films 

were tested per treatment (six films per trial).  

4.3.5 Optical Properties 

 A single beam USB 2000 spectrophotometer (Ocean Optics Inc., Dunedin, FL, 

USA) was used to evaluate the visible light transmission (400-780 nm) of the films.  The 

integration time was 25 ms, with 2 scans to average and a boxcar width of 4.     

4.3.6 Transmission Electron Microscopy (TEM) 

 Alginate-carbohydrate films were fixed in a 2 % glutaraldehyde/buffer (v/v) 

solution for 90 min.  To prevent the films from dissolving in the solution, the 

glutaraldehyde was made in a 5 % calcium chloride (w/v) solution.  After fixation, the 

films were rinsed twice with the 5 % calcium chloride (w/v) solution and once with 

double deionized water.  The films were post fixed with 1 % osmium tetroxide (w/v) 

overnight.  The films were then rinsed with double deionized water before being 

dehydrated in an ethanol series (50 %, 70 %, 80 %, 90 %, 100 %, 100 % and 100 % 

(v/v) for 10 min each).  To remove the final portion of water the films were placed in 100 

% propylene oxide for 10 min.  The dehydrated films were embedded in Spurr’s low 

viscosity resin (Canemco Inc., Canton de Gore, Quebec, Canada) in several stages: 1:3 

resin: propylene oxide for 15 min, 1:1 resin: propylene oxide for 30 min, 3:1 resin: 

propylene oxide for 30 min and two changes in 100 % resin before being left overnight 

to complete the infiltration.  The embedded films were placed on top of BEEM capsules 

(BEEM Inc., West Chester, PA, USA) containing liquid resin; the corners of the films 

extended past the edge to ensure that they did not sink into the capsule.  The resin was 

polymerized in a drying oven at 60 °C overnight.  The blocks were sectioned with an 
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ultramicrotome (Reichart Ultracut S, Leica Microsystems Inc., Concord, ON, Canada) 

and the 70-90 nm thick sections were mounted onto grids.  The grids were stained with 

uranyl acetate and lead citrate according to the method described by Hayat (2000).  

Images were captured on a Philips CM-10 TEM (FEI, Eindhoven, The Netherlands) 

equipped with a Morada soft imaging system camera (Olympus, Münster, Germany).  

Representative images were taken by using iTEM (Olympus) imaging software. 

4.3.7 Formation of Gel Pucks 

 In order to evaluate some of the textural properties of the gels that could not be 

determined by using a thin film, gel pucks were produced according to the methods 

published by Harper et al. (2013).  In short, carbohydrate-alginate film solutions were 

prepared in the same fashion as described above; however the concentrations of the 

alginate and carbohydrate were reduced to 2 wt. % and 0.1 wt. % respectively (for ease 

in handling).  The hydrated film solutions were funneled into Spectra/Por Dialysis 

Membranes (Flat Width: 25 mm +/- 2 mm, Diameter: 16 mm, MWCO: 12-14,000, 

Spectrum Laboratories, Inc., Rancho Dominguez, California, USA).  The filled dialysis 

tubes were put into a 5.5 wt. % stirred calcium chloride solution (23 °C) overnight.  The 

ratio of the film solution to calcium chloride was 1:10.  The gelled samples were then 

removed from the tubing and cut into 10 mm tall gel pucks using a razor blade.  The gel 

pucks were used in both the texture profile analysis (TPA) and water holding capacity 

tests. 

4.3.8 Texture Profile Analysis (TPA) and Gel Fracturability 

 In order to determine the hardness, chewiness, gumminess, cohesiveness and 

springiness of the gels, the gel pucks were compressed by 45 % of their initial height 

(4.5 mm) in a standard two-cycle TPA test.  Gel pucks were also compressed 70 % of 

their initial height (7 mm) in order to determine the force (N) and distance (mm) to 

fracture.  For both compression tests a TA-XT2i Texture Analyzer (Texture 

Technologies Corporation, Scarsdale, NY, USA) was used with the test speed set at 1.5 

mm/s and the trigger force set at 8 g.  Eighteen pucks were tested for each of the 

treatments (six pucks per trial). 
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4.3.9 Water Holding Capacity 

 The gel pucks were centrifuged (IEC 21000, International Equipment Company, 

Needham Heights, MA, USA) at 6600 rpm (4850Xg force) for 10 min.  The separated 

water was weighed and expressed as a weight percentage of the original gel puck 

weight.  Nine pucks were tested for each treatment (three pucks per trial). 

4.3.10 Experimental Design and Statistical Analysis 

 The experiment was designed as a completely randomized block with 3 

independent trials.  In each trial, six measurements per film/puck type were taken for 

each of the tests (puncture, tensile, TPA and gel fracturability).  The six subsample 

values were then averaged for each film type in each trial.  SAS Version 9.2 (SAS Inst., 

Cary, NC, USA) was used for all statistical analysis.  A General Linear Model with film 

type and trial as fixed effects was used for analysis of variance (ANOVA).  The film/puck 

type means were compared by using Tukey’s multiple comparison analysis with a P-

value ≤ 0.05 to detect statistical significance between film type means.    

4.4 Results and Discussion 

 All of the carbohydrates tested were able to form ‘wet’ composite films with the 

alginate at the tested concentrations (0.25 wt.% carbohydrate and 5 wt.% alginate).  

The films produced were generally similar in thickness with values ranging from 0.143 

µm to 0.152 µm (Table 4.1).  Figure 4.1 shows the percent elongation at break (EAB) of 

the various ‘wet’ alginate-carbohydrate films.  Adding certain types of carbohydrates 

increased (P < 0.05) the elongation of the alginate films (Figure 4.1).  Films with added 

LM pectin, iota- and kappa-carrageenan, and modified potato starch had significantly (P 

< 0.05) greater % EAB than the control alginate films.  It is possible that these added 

carbohydrates were acting as plasticizing agents in the films by interrupting alginate-

alginate chain interactions.   Fewer alginate-alginate chain interactions would result in a 

film that was able to stretch a greater distance prior to breaking.  However, further work 

is needed to explore this hypothesis.  On the other hand, adding potato starch, 

commercial cellulose, LA gellan gum or extracted cellulose had no significant (P > 0.05) 

effect on the elongation of the alginate films (Figure 4.1).   
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 The EAB results in the current work are in agreement with Gohil (2011) who 

showed that adding up to 60 % low methoxyl pectin (LMP) increased the % EAB of ‘dry’ 

Ca-alginate films.  Galus and Lenart (2013) also found that LMP-alginate ‘dry’ films 

containing 25 % and 50 % LMP had greater % EAB values than pure ‘dry’ alginate films.  

Similarly it was reported that certain alginate-kappa-carrageenan blend ‘dry’ films had 

greater % EAB values than pure alginate ‘dry’ films (Paşcalău et al., 2012).  In the 

current work, the modified potato starch increased (P < 0.05) the EAB of the alginate 

films, while the non-modified potato starch-alginate films had similar (P > 0.05) EAB 

values as the pure alginate films (Figure 4.1).  These differences may be a result of 

different interfacial interactions between the two types of starch granules and the 

alginate.        

 The EAB values presented in the current work are much higher than those found 

in many of the aforementioned ‘dry’ film studies (Fazilah et al., 2011; Galus & Lenart, 

2013; Gohil, 2011).  In this study, the EAB ranged from 88.89 % - 140.99 % whereas 

the EAB in the other three studies ranged from ~ 2 % - 50 %.  The higher elongation 

values in this study are likely due to the higher moisture content of the films (~95 %) and 

the plasticizing effect water can have in the films.  Plasticizing agents are known to 

increase the elongation of films (Da Silva et al., 2009; Yang & Paulson, 2000).  The 

EAB values reported in the present study are in a similar range as those reported for 

‘wet’ alginate-protein films (Harper et al., 2013). 

 Fewer differences in tensile strength were seen between the various alginate-

carbohydrate films (Table 4.1).  In this study, only the alginate-pectin films had 

significantly (P < 0.05) greater tensile strength than the alginate control films with values 

of 3.05 MPa and 1.98 MPa, respectively.  Gohil (2011) also found that ‘dry’ Ca-alginate 

films made from a solution of 0.5 % LMP and 4.5 % alginate had greater tensile strength 

than pure (5 %) Ca-alginate films.  However, at higher pectin concentrations the author 

saw a reduction in the tensile strength of the composite films (Gohil, 2011).  In any 

case, in the aforementioned study, the films were dried and thus the results may not be 

comparable to those found for ‘wet’ films.  Additionally, concentration of the 
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polysaccharides plays an important role in the interactions between film components 

and must be considered before one-to-one comparisons can be made.   

 The puncture test was also used to evaluate the mechanical properties of the 

alginate-carbohydrate films (Table 4.1).  None of the alginate-carbohydrate films had 

significantly (P > 0.05) greater force, or distance to puncture, values than the alginate 

control films, although the alginate-pectin films took significantly (P < 0.05) more work to 

puncture than the control films (Table 4.1).  The puncture data, unlike the tensile data, 

suggests that adding extracted cellulose, commercial cellulose, or modified potato 

starch actually weakened the films as can be seen by the resultant lower (P < 0.05) 

puncture force, distance and work values of these films compared to the alginate control 

film (Table 4.1).  It is possible that these carbohydrates were interrupting the alginate 

structure of the film.  A similar effect was observed in previous work where various 

proteins were added to ‘wet’ alginate films (Harper et al., 2013).  While the alginate-

modified potato starch films had lower (P < 0.05) puncture values than the pure alginate 

films, they also had higher (P < 0.05) EAB values.  Thus while adding modified potato 

starch appears to decrease the puncture strength of the films it also increases their 

ability to stretch.  These observations are interesting as potato starch has been used by 

some sausage processors in their co-extruded alginate casings.  However, the effects 

might be concentration dependent and it is unknown at which concentrations the 

ingredients are used in the industry.     

 Alginate-carbohydrate gel pucks were produced in addition to the alginate-

carbohydrate films.  The larger volume of gelled material in the pucks allowed for other 

mechanical tests to be performed in an attempt to further understand the structural 

characteristics of the alginate-carbohydrate composites.  Table 4.2 shows the results of 

the two-cycle 45 % compression textural profile analysis (TPA) test and the 70 % 

fracture to failure test.  There were no significant (P > 0.05) differences in springiness, 

cohesiveness or gumminess between the various alginate-carbohydrate gels (data not 

shown).  Additionally, there was no significant difference in hardness between the 

various hybrid gels (Table 4.2).  None of the gels had significantly (P > 0.05) different 
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chewiness values from the alginate control gel (Table 4.2).  Therefore, adding any of 

these ingredients to the alginate gels appeared to not influence their chewiness.    

 There were differences (P < 0.05) in the force to fracture for the various alginate-

carbohydrate gels (Table 4.2).  In this case it took significantly (P < 0.05) more force to 

fracture the alginate-carrageenan and alginate-gellan gels than the alginate control gel.  

This was inconsistent with the tensile strength and puncture force results which showed 

no difference (P > 0.05) between the alginate-carrageenan, alginate-gellan and the pure 

alginate films.  However it is important to realize that the alginate pucks were gelled 

over a longer period of time than the films (24 h in a dialysis tube vs. 1 min in a calcium 

bath).  We know that the possible slower gelation of the material in the dialysis tubes 

might have affected the gels formed however it provided a nice platform to compare the 

composition of the different gels on the same playing field.  Also, the solids 

concentration in the alginate solution had to be substantially reduced to aid funnelling 

into the dialysis tube (although the proportion of alginate to carbohydrate remained 

constant).  The longer exposure to CaCl2 and/or the decreased solids content in the 

alginate solution prior to gelling may explain the differences between the fracture to 

failure and the puncture/tensile test results.  There were no differences (P > 0.05) in the 

fracture force of the alginate-cellulose, alginate-starch, alginate-pectin, and pure 

alginate gels (Table 4.2).  Despite differences in fracture force, no differences (P > 0.05) 

were observed in the fracture distance between the various alginate-carbohydrate gels 

(Table 4.2).   

 Few differences were observed in the water-holding capacity of the alginate-

carbohydrate gels (Table 4.2).  The water loss ranged from 26.7 to 30.2 %.  This is a 

similar range as those reported in our previous work on alginate-protein gels (Harper et 

al., 2013).  However, unlike our work on alginate-protein gels, none of the added 

carbohydrates significantly (P > 0.05) reduced the water loss of the alginate gels (Table 

4.2).          

 The TEM images of the ‘wet’ alginate-carbohydrate films show the alginate 

control, alginate-pectin and alginate-kappa-carrageenan films at two different 
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magnifications (Figure 4.2) and the other alginate-carbohydrate films at the lower 

magnification (Figure 4.3).  In the control film (Figures 4.2A1 & A2), a very uniform 

alginate network was observed.  In the alginate-pectin film (Figures 4.2B1 & B2), darker 

regions were visible within the film.  It was thought that these darker regions may be 

due to the presence of pectin in the film.  TEM images (not shown here) were also taken 

of a heated pectin slurry (without CaCl2) to see if the alginate and pectin could be 

distinguished from one another based on morphology.  However, no such distinction 

could be made.   In their work on alginate-pectin mixed gels, Walkenström et al. (2003) 

also found it difficult to distinguish between the alginate and pectin in the gels and 

suggested labelling the pectin and alginate to separate between the two.  Overall, the 

alginate-pectin films in the current study looked similar to those published by Lambrech 

et al. (2009).  However, their images showed a closer and denser network for the 

alginate-low methoxyl pectin (1:1) hybrid films than pure alginate films.  This trend was 

not observed in the current work; however, the films in the present study were gelled 

with calcium making them different from the films in the Lambrech et al. (2009) study.  

The alginate-kappa-carrageenan films (Figures 4.2C1 & C2) in the current work looked 

similar to the pure alginate films except there were some circular areas of less 

homogeneous material within the film matrix.  Figure 4.2C2 shows a higher 

magnification of one of these areas.  It appears that a higher density of strands encircle 

an area which has fewer strands in a finer network.  Again, we were unable to 

determine (based on morphology) if these areas were formed by alginate or kappa-

carrageenan in the films.   

 In the hybrid films, certain added carbohydrates were quite visible within the 

alginate matrix while others were less distinguishable.  Figures 4.3e & 4.3f show large 

typical modified and natural potato starch granules within the alginate network.  In 

general, the modified starch granules appeared larger than the natural potato starch 

granules.  Since the modified potato starch used in this work was a commercial product, 

the authors had no control over its modifications and it was used as is.  However, the 

modifications may have allowed the starch granules to swell more in water, which would 

explain the larger size of these granules observed in the micrographs.  Figures 4.3c & 

4.3d show the alginate-extracted cellulose and the alginate-commercial cellulose films.  
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In the commercial cellulose films, it was difficult to distinguish any cellulose fibers within 

the film.  On the other hand, some larger cellulose fibers were visible in the extracted 

cellulose films.  Despite these apparent differences in cellulose fiber length, there were 

no differences in either the puncture or tensile properties of the two alginate-cellulose 

films.  This has important implications as it suggests that the cellulose fibers extracted 

from the soybean chaff produced films of similar mechanical strength to those produced 

by cellulose used commercially for sausage casings.  Unlike the starch and extracted 

cellulose films, the added carbohydrates were less distinguishable in the iota-

carrageenan (Figure 4.3a) and LA gellan (Figure 4.3b) films.        

 The visual appeal of a sausage in its casing may influence a consumer’s 

willingness to purchase the sausage.  In some fresh/dry sausages, a more transparent 

casing is desirable as it allows for better presentation of the lean and fat particles in the 

sausage.  Results of the visible light transmission of the various ‘wet’ alginate-

carbohydrate films are presented in Figure 4.4.  The alginate-extracted cellulose films 

were the least transparent of the films.  Visually, the alginate-extracted cellulose films 

were a light yellowish-green colour and the alginate control films were clear and 

transparent.  The decreased light transmission of the extracted cellulose films was likely 

due to the larger cellulose fibers in the films, which would scatter more light.   

 The viscosity of both the alginate solution and the meat batter are important 

considerations in the co-extrusion process.   The sausage meat batter must be able to 

withstand significant pressure in the vacuum stuffer and from the hydraulic piston while 

still maintaining a ‘smooth’ appearance (Hoogenkamp, 1992).  On the other hand, the 

viscosity of the alginate solution must be high enough to prevent the solution from 

running off the sausage before it is cross-linked, but not too high that it is unable to be 

pumped into a thin layer on the sausage.  Figure 4.5 shows the viscosity of the various 

alginate-carbohydrate film forming solutions.  In all cases, adding carbohydrates 

increased the viscosity of the alginate solution, with the iota- and kappa-carrageenan 

showing the greatest increase.  Wang et al. (2007) reported that the ideal viscosity of 

their protein and polysaccharide film forming solutions ranged from 11 to 688 cP.  At 

these viscosities they were able to form stable ‘dry’ films.  The viscosities of the film 
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forming solutions in the present study were much higher than those reported by Wang 

et al. (2007).  However, higher viscosities were needed in this study as the alginate 

solution was rolled as opposed to cast. 

4.5 Conclusions 

 All of the carbohydrates in this study were able to form ‘wet’ composite films with 

the alginate.  The type of carbohydrate added influenced both the optical and 

mechanical properties of the resulting composite films.  Certain carbohydrates (LM 

pectin, iota- and kappa-carrageenan and modified potato starch) increased the 

elongation of the alginate films while others (extracted cellulose, commercial cellulose 

and modified potato starch) decreased the puncture properties of the alginate films.  

Several of these ingredients (potato starch and cellulose) are currently used by some 

sausage manufacturers in their co-extruded alginate casings.   Understanding how 

these carbohydrates changed the mechanical properties of the ‘wet’ alginate films is 

essential for future development and optimization of alginate casings as well as 

processing parameters.   

 Overall, the TPA and WHC tests showed few differences between the alginate-

carbohydrate gels.  In the TEM images, certain carbohydrates (extracted cellulose, 

potato and modified potato starch) were easily identifiable in the alginate matrix by their 

unique morphology while other carbohydrates were less distinguishable.  Specific 

staining or labelling of the carbohydrates could aid in visualizing the specific 

components of the film in order to further understand their interactions within the film.  

Although there appeared to be some differences in mean cellulose fiber length, there 

were no differences in the tensile or puncture properties of the two alginate-cellulose 

films.  This has important implications as it suggests that the cellulose extracted from 

soybean chaff could produce alginate hybrid films/casings of similar mechanical 

strength as those produced from cellulose that is already commercially used for 

sausage casings.  However, more work is needed to understand the processing 

characteristics of the extracted cellulose in order to determine the feasibility of using it in 

an industrial setting.  
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Figure 4.1 Percent elongation at break of 5 % ‘wet’ alginate films with 0.25 % added low methoxyl pectin, 
iota-carrageenan, modified potato starch, kappa-carrageenan, potato starch, low acyl gellan gum, 
commercial cellulose and cellulose extracted in our laboratory  
a-b

 show significant differences (P < 0.05) between means (n = 18)  

b 

a 
a 

a a 

b 
b b 

b 

0

20

40

60

80

100

120

140

160

180

Alginate
(Control)

Pectin Iota Modified
Starch

Kappa Potato
Starch

Gellan Commercial
Cellulose

Cellulose
(Extracted)

%
 E

lo
n

ga
ti

o
n

 a
t 

B
re

ak
 

Treatment 



 
 

65 

Table 4.1 Mechanical properties of ‘wet’ alginate films with different carbohydrate additives 

Treatment Thickness (mm) Tensile 
Strength 
(MPa) 

Force to 
Puncture (N) 

Distance to 
Puncture (mm) 

Work to 
Puncture (N 
mm) 

Alginate 0.144 ± 0.003
a,b 

1.98 ± 0.20
b 

5.25 ± 0.08
a,b,c 

16.4 ± 0.4
a 

31.4 ± 1.0
b 

ι-Carrageenan 0.148 ± 0.002
a,b 

2.67 ± 0.54
a,b 

5.26 ± 0.29
a,b,c 

16.5 ± 0.5
a 

31.4 ± 2.5
b 

κ-Carrageenan 0.152 ± 0.003
a 

2.60 ± 0.05
a,b 

5.21 ± 0.09
b,c 

16.2 ± 0.1
a,b 

30.9 ± 0.6
b,c 

LM Pectin 0.146 ± 0.003
a,b 

3.05 ± 0.04
a 

5.83 ± 0.17
a 

17.2 ± 0.1
a 

37.3 ± 1.7
a 

LA Gellan 0.150 ± 0.003
a,b 

2.12 ± 0.06
b 

4.67 ± 0.06
c 

15.1 ± 0.2
b 

26.7 ± 0.7
c 

Potato Starch 0.148 ± 0.003
a,b 

2.22 ± 0.27
b 

5.36 ± 0.15
a,b 

16.4 ± 0.6
a 

32.4 ± 1.0
b 

Modified Starch 0.144 ± 0.004
a,b 

2.61 ± 0.20
a,b 

2.92 ± 0.13
e 

12.0 ± 0.2
c 

13.3 ± 0.7
d 

Commercial Cellulose 0.143 ± 0.004
b 

2.12 ± 0.14
b 

3.05 ± 0.10
d,e 

12.0 ± 0.3
c 

14.1 ± 0.5
d 

Cellulose (Extracted) 0.147 ± 0.002
a,b 

1.98 ± 0.10
b 

3.53 ± 0.50
d 

12.5 ± 0.9
c 

17.0 ± 3.5
d 

Means ± standard deviation, 
a-e

 show significant differences (P < 0.05) between means (n = 18)  
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Table 4.2 Effect of carbohydrate addition on the texture and water holding capacity of alginate gel pucks 

 Texture Profile Analysis Fracture to Failure Water Loss 

Treatment Hardness (N) Chewiness (N cm) Force(N) Distance (mm) (Percent) 

Alginate 46.9 ± 3.7
a 

19.1 ± 0.7
a,b,c 

98.4 ± 5.3
d 

5.9 ± 0.1
a 

29.2 ± 1.1
a,b 

ι-Carrageenan 51.4 ± 1.5
a 

20.3 ± 0.4
a,b 

121.7 ± 5.8
a,b,c 

6.0 ± 0.1
a 

26.7 ± 0.8
b 

κ-Carrageenan 50.1 ± 2.9
a 

19.8 ± 0.1
a,b,c 

132.2 ± 3.6
a 

6.1 ± 0.1
a 

28.2 ± 1.3
a,b

 

LM Pectin 51.3 ± 2.5
a 

20.4 ± 0.4
a 

108.8 ± 10.4
b,c,d 

5.8 ± 0.1
a 

28.1 ± 0.4
a,b 

LA Gellan 52.5 ± 2.5
a 

20.3 ± 0.8
a,b 

123.1 ± 5.9
a,b 

6.2 ± 0.1
a 

27.4 ± 0.4
a.b 

Potato Starch 47.9 ± 5.3
a 

19.1 ± 1.0
a,b,c 

107.9 ± 3.2
b,c,d 

6.1 ± 0.2
a 

27.7 ± 0.6
a,b 

Modified Starch 48.0 ± 3.7
a 

18.6 ± 1.0
b,c 

107.5 ± 4.5
c,d 

6.0 ± 0.3
a 

27.9 ± 1.2
a,b 

Commercial Cellulose 45.7 ± 3.6
a 

18.6 ± 0.8
b,c 

99.3 ± 6.3
d 

5.8 ± 0.3
a 

29.1 ± 1.4
a,b 

Cellulose (Extracted) 47.6 ± 3.3
a 

18.4 ± 0.7
c 

93.4 ± 3.3
d 

5.9 ± 0.2
a 

30.2 ± 1.5
a 

Means ± standard deviation, 
a-d

 show significant differences (P < 0.05) between means  
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Figure 4.2 Transmission electron microscopy images of 5 % ‘wet’ alginate films (A) with 0.25 % added 
low methoxyl pectin (B) or 0.25 % added kappa-carrageenan (C).    
Shown at two different magnifications: Column 1 bar = 2 µm; Column 2 bar = 200 nm. 
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Figure 4.3 Transmission electron microscopy images of 5 % ‘wet’ alginate films with 0.25 % added iota-
carrageenan (a), low acyl gellan gum (b), cellulose extracted in our laboratory (c), commercial cellulose 
(d), modified potato starch (e) or potato starch (f).   
Bar = 2 µm. 
  



 
 

69 

 
Figure 4.4 Visible light transmission (n = 18) of ‘wet’ alginate films with 0.25 % added iota-carrageenan, 
low methoxyl pectin, kappa-carrageenan, low acyl gellan gum (a), potato starch, modified potato starch, 
commercial cellulose and cellulose extracted in our laboratory (b)  
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Figure 4.5 Effect of carbohydrate addition on the viscosity of the alginate film forming solutions at 
different shear rates (n = 3) 
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Chapter 5 Influence of Relative Humidity on Various Functional 

Properties of Dried Ca-Alginate and Alginate Composite Films 

5.1 Abstract 

 Dried Ca-alginate films were manufactured with and without low-methoxyl pectin 

or soy protein isolate (SPI).  Additionally, dried un-gelled (no Ca2+) pure alginate films 

were made.  All films were conditioned at either 57 % or 100 % relative humidity (RH).  

The films’ clarity and mechanical properties (puncture & tensile) were measured.  At 57 

% RH, the gelled alginate and alginate-pectin films showed greater (P < 0.05) puncture 

force, distance and work values than the alginate-SPI and un-gelled alginate films.  

However, the un-gelled alginate films had the greatest (P < 0.05) tensile strength and 

Young’s modulus of all films.  Increasing the RH decreased (P < 0.05) the force to 

puncture the gelled alginate and alginate-pectin films, while the opposite was true for 

the alginate-SPI films.  Gelled films conditioned at 100 % RH were more transparent 

and had greater (P < 0.05) % elongation at break, distance and work to puncture values 

than their corresponding films at 57 % RH.  Contrarily, films conditioned at 57 % RH had 

greater (P < 0.05) Young’s modulus than films at 100 % RH.  ATR-FTIR scans were 

taken of alginate, alginate-pectin, and also alginate-kappa-carrageenan, film forming 

solutions and ‘wet’ and dried (57 % RH) films.  Several peak shifts were observed when 

the film forming solutions were gelled with Ca2+ and when the ‘wet’ films were dried.    

5.2 Introduction 

 It is estimated that the global production of packaging materials exceeds 180 

million tons per year (Tice, 2003).  Food packaging accounts for a large portion of this 

material.  In fact, food and beverage packaging is said to contribute to roughly 70 % of 

the $100 billion packaging market in the U.S. (Comstock et al., 2004).  Much of this 

packaging material is made from synthetic plastics.  However, mounting environmental 

concerns about the use of these plastics as well as the rising cost of petroleum has led 

to an increased interest in the use of food packaging material from natural sources such 

as polysaccharides, proteins and/or lipids (Cutter, 2006; da Silva, Bierhalz, & 

Kieckbusch, 2009; Rhim, 2004).  While these edible films cannot totally replace the use 
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of traditional synthetic plastics, they can reduce their use (da Silva, Bierhalz, & 

Kieckbusch, 2009).   

 Polysaccharide films are of increasing importance to the food industry. One 

example of a polysaccharide that has been used in edible films is alginate.  Alginates 

are derived from marine brown algae (Phaeophyceae) and also produced by some 

types of soil bacteria (Stephen, Phillips, & Williams, 2006).  Chemically, alginate is 

made up of (1→4) β-D-mannuronic (M) and α-L-guluronic (G) acid.  Regions in alginate 

made up of solely M or G residues are referred to as M or G blocks and these areas are 

interspersed with MG alternating blocks (Fang et al., 2007).  One of the more desirable 

properties of alginate is its ability to form cold-set gels in the presence of certain 

polyvalent cations.  Although calcium is the most commonly used cation, other cations 

such as, strontium, barium, cobalt, copper, zinc, cadmium and manganese are also able 

to gel alginates (Mørch, Donati, Strand, & Skjåk-Braek, 2006; Ouwerx, Velings, 

Mestdagh, & Axelos, 1998).   

 Several factors influence the use of edible films in food applications including; 

availability, cost, functional attributes, mechanical properties, optical quality, barrier 

properties, structural resistance to water, and sensory acceptability (Da Silva et al., 

2009).  Typically protein and polysaccharide films have good oxygen barrier and 

mechanical properties at low to medium relative humidity.  However due to their 

hydrophilic nature, these films are poor water vapour barriers (Rhim & Ng, 2007).  One 

potential use for these highly hydrophilic films is as co-extruded sausage casings.  

Recently, several sausage manufacturers in Europe and North America have begun 

using co-extruded alginate, collagen or alginate-collagen hybrid casings for some of 

their sausage products.  These co-extruded casings offer several advantages over 

natural (i.e., beef, pork, and sheep intestines) and artificial (i.e., manufactured collagen, 

cellulose, and plastic) casings typically used in sausage production.  Most importantly, 

they allow sausage manufacturers to move from a batch to a continuous process and 

thus increase their production volumes (Smits, 1985).  Additionally fewer people handle 

the product in the co-extrusion process and thus the risk of microbial contamination of 

fresh sausage is reduced compared to traditional batch operations (Anonymous, 2012).  
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 There are several disadvantages of casings manufactured from solely collagen 

or alginate however.  Researchers have reported that collagen casings may be hard to 

manufacture and tend to shrink more during frying.  On the other hand, alginate casings 

are prone to calcium instability issues (Visser, 2012).  One solution to this problem is to 

produce composite co-extruded casings/films which take advantage of synergistic 

interactions between the individual components.  The industry has already adopted this 

approach by adding ingredients such as potato starch and cellulose to co-extruded 

alginate casings as well as producing co-extruded alginate-collagen hybrid casings.   

 Although these composite alginate casings are used commercially, there is little 

scientific literature regarding the properties of these ‘wet’ films.  In fact most of the 

literature reports on ‘dry’ alginate films for use after they have been cast.  For example, 

researchers have created composite ‘dry’ alginate-protein films with proteins such as, 

whey protein, gelatin, and soy protein (Shih, 1994; Villagomez-Zavala et al., 2008; 

Wang, Auty, & Kerry, 2010).  Composite ‘dry’ alginate films have also been made with 

other polysaccharides such as kappa-carrageenan, pectin, pullulan, sago starch and 

carboxy-methyl cellulose (Bierhalz, Da Silva, & Kieckbusch, 2012; da Silva et al., 2009; 

Fazilah et al., 2011; Galus & Lenart, 2013; Gohil, 2011; Paşcalău et al., 2012; Tong, 

Xiao, & Lim, 2008; Xiao, Lim, & Tong, 2012; Xu, Bartley, & Johnson, 2003).  In certain 

cases synergism was seen between the individual film components.  For example, ‘dry’ 

composite films made from a 50-50 blend of alginate and low methoxyl pectin were 

shown to have greater tensile strength and elongation than either pure alginate or pectin 

films (Galus & Lenart, 2013).                       

 Recently, our group has been studying the ‘wet’ film area (i.e., 90-95 % water 

content) which has become increasingly popular lately with the use of co-extruded 

casings.  We have reported on how various protein (whey protein, soy protein, and 

gelatin) and carbohydrate (carrageenan, pectin, cellulose, starch, and gellan gum) 

additives influenced the mechanical and microstructural properties of ‘wet’ alginate 

composite films/casings (Harper, Barbut, Lim, & Marcone, 2013).  However, so far very 

few comparisons have been made between the physical properties of ‘wet’ and dried 

alginate films.  Understanding the role water plays in these films is important for future 



 
 

74 

development of the films.  Therefore, the objective of this work was to explore how 

drying ‘wet’ alginate and alginate composite films/casings affects the physical properties 

of the films.  Additionally, the effect of rehydration of the dried films (i.e., exposing the 

dried films to high humidity) on their physical properties has been studied.  For this 

work, composite alginate films were made from either soy protein isolate (SPI) or low 

methoxyl (LM) pectin.          

5.3 Materials and Methods 

5.3.1 Film Preparation 

 Soy protein isolate (SPI; Soy Protein Supro 515, protein 90 %, supplied by Hela 

Spice Canada, Inc., Uxbridge, ON, Canada) was dissolved in 23 °C double deionized 

water to form a 1 wt.% protein solution.  A 0.25 wt.% pectin solution was made by 

dissolving low methoxyl pectin (LMP; GENU® pectin type LM-104 AS-Z, CP Kelco, Lille 

Skensved, Denmark) into 70 °C double deionized water.  5 wt.% alginate 

(GRINDSTED® Alginate FD 6965, Danisco USA Inc., Rochester, NY, USA) was mixed 

by hand (total mixing time of 15 min) into both the protein and pectin solutions.  

Additionally a control sample of 5 wt.% alginate with no protein or pectin was made.  To 

remove some of the air incorporated into the solutions during mixing, the solutions were 

degassed by using a vacuum packager (Multivac Canada Inc., Woodbridge, ON, 

Canada) at 7.3 kPa for 25, 50 and 75 s.  The solutions were allowed to hydrate for a 

minimum of 2 hours at 23 °C prior to film formation.  ‘Wet’ films were produced 

according to the methods published by Harper et al. (2013).  In short, a stainless steel 

roller with a recess 0.34 mm was used to roll 1.5 g portions of the solutions unto a 

plastic covered stainless steel board.  The film (on the roller) was then placed in a 5 

wt.% calcium chloride (Fisher Scientific, Fair Lawn, NJ, USA) bath for 60 s in order to 

gel the film.  Pure alginate films were also produced without calcium as a gelling agent.  

In this case 1.5 g of alginate solution was rolled between two sheets of plastic on the 

stainless steel board.  The top layer of plastic was carefully peeled away from the film, 

leaving the film on the bottom sheet of plastic for drying.        
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5.3.2 Drying and Conditioning of the Films 

 The ‘wet’ films were dried overnight at room conditions (~23 °C and ~52 % RH).  

The alginate films without calcium were simply left on the bottom sheet of plastic to dry.  

Alternatively the Ca2+ gelled ‘wet’ films were pinned (to prevent curling) to a plastic 

covered piece of soft wood to dry.  The following day the films were removed from the 

plastic and placed in jars with either 57 % RH (NaBr controlled) or 100 % RH and left to 

condition overnight.  Prior to conditioning, the films that would later be used for tensile 

testing were cut into 75 mm X 25 mm strips by using a razor blade and their thickness 

measured.  Three thickness measurements (top, centre and bottom) were taken on 

each film by using a digital micrometer (Testing Machines Inc., Islandia, NY, USA) and 

the average thickness of each film was used for the tensile stress calculations.       

5.3.3 Mechanical Properties 

 The puncture and tensile properties of the films were evaluated by using a TA-

XT2i texture analyzer (Texture Technologies Corporation, Scarsdale, NY, USA).  For 

the puncture test a 5 mm ball probe was used to puncture the uncut films.  The trigger 

force was set at 5 g and the test speed was 10 mm/s.  From the generated force-

distance graph, the force (N), distance (mm) and work (N mm) to puncture the films 

were determined.  Tensile testing was conducted according to the ASTM-D882 (2010) 

standard tensile testing procedure.  The grippers were spaced 50 mm apart and the test 

distance was set at 75 mm.  The trigger force for testing was 8 g and the test speed was 

2 mm/s.  The tensile strength (MPa), % elongation at break and the Young’s modulus of 

the films were determined from the generated stress-strain graphs. 

5.3.4 Optical Properties 

 The visible light transmission (400-780 nm) of the films was measured by using a 

single beam USB 2000 spectrophotometer (Ocean Optics Inc., Dunedin, FL, USA).  The 

integration time was 25 ms with 2 scans to average and a boxcar width of 4.  In total 

eighteen films per treatment were scanned (six per trial).  The average light 

transmission of the eighteen films was calculated for each of the treatments.     
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5.3.5 Attenuated Total Reflectance- Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy Analysis 

 Spectra were acquired by using an FTIR spectrometer (IRPrestige-21, Shimadzu 

Corporation, Tokyo, Japan) equipped with an attenuated total reflection press 

(MIRacle™, Pike Technologies, Madison, WI, USA).  Scans were taken of the alginate, 

alginate-low methoxyl pectin, and alginate-kappa-carrageenan film forming solutions, 

gelled ‘wet’ films prior to drying and the gelled dried films conditioned at 57 % RH.  

Additionally, the alginate, low methoxyl pectin and kappa-carrageenan powders used to 

make the films were scanned.  All of the powders were conditioned at 57 % RH 

overnight.  For consistency all of the films were scanned with the side of the film that 

was touching the roller during gelling face up.  All samples were tested at 23 °C.  The 

data was collected from 600-4000 cm-1 with an average of 30 scans per sample and a 

resolution of 4 cm-1.  The second derivatives of the original spectrums were taken by 

using Grams-32 spectral analysis software (Galactic Industries Corp., Salem, NH, USA) 

to determine the wavenumber of the peaks.  All results were performed in triplicate.                   

5.3.6 Statistical Analysis 

 The experimental design was a completely randomized block with three 

independent trials.  Each trial was conducted over a two week period.  One treatment 

(conditioned at both 57 % and 100 % RH) was tested per day.  For both the puncture 

and tensile tests, six films per treatment were tested in each of the three trials.  The 

average of the six measurements was taken for each treatment in each trial and used 

for statistical analysis (SAS Version 9.2, SAS Inst., Cary, NC, USA).  A General Linear 

Model with film type and trial as fixed effects was used for analysis of variance 

(ANOVA) and a Tukey’s multiple comparison analysis (P-value ≤ 0.05) was used to 

detect statistical significance between film type means. 

5.4 Results and Discussion  

 All of the films were able to be tested after conditioning at 57 % and 100 % 

relative humidity (RH), with the exception of the alginate films that were not gelled with 

calcium.  After conditioning at 100 % RH, the un-gelled alginate films were very sticky 
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and were unable to hold their shape for testing.  For this reason, no mechanical or 

optical tests were performed on these films.  As expected, differences (P < 0.05) in 

puncture force were seen between the films conditioned at 57 % and 100 % RH (Figure 

5.1).  Interestingly, the trend was not consistent for all treatments.  In the case of the 

gelled alginate and alginate-pectin films, the films conditioned at 100 % RH required 

less force (P < 0.05) to puncture than those conditioned at 57 % RH, while the opposite 

was true for the alginate-SPI films.  Remunan-Lopez and Bodmeirer (1997) also 

explored the differences in puncture strength between ‘dry’ and ‘wet’ alginate films. 

They found that ‘wet’ films had lower puncture strength than ‘dry’ films which they 

attributed to the plasticizing effect of water.  A similar trend was expected in this work.  It 

should be noted that the ‘wet’ films in their study were immersed in water as opposed to 

exposed to humid air which may have influenced the uptake of water by the films and 

thus their resulting mechanical properties. 

 The puncture force trends between treatments were similar to those found in our 

earlier work on ‘wet’ alginate films.  In both the dried (57 & 100 % RH) and ‘wet’ alginate 

films, it took significantly (P < 0.05) less force to puncture the alginate-SPI films than the 

pure alginate films.  This may be a result of the soy proteins interrupting the alginate film 

network.  No differences in puncture force existed between the alginate-pectin and pure 

alginate films for the ‘wet’ or dried films.  As expected, the un-gelled pure alginate (no 

Ca2+) films had significantly (P < 0.05) lower puncture force than the gelled pure 

alginate films.  Similarly, it has been reported that ‘dry’ alginate films gelled with calcium 

have increased tensile strength over their un-gelled counterparts (Fazilah et al., 2011).   

 Differences in the puncture distance were also observed between the dried films 

conditioned at 57 % and 100 % RH (Table 5.1).  In all cases, the films conditioned at 

100 % RH took a greater (P < 0.05) distance to puncture than the films conditioned at 

57 % RH.  Again, this is likely due to the plasticizing effect of water in the 100 % RH 

films.  Although no differences (P > 0.05) were observed between the three 100 % RH 

treatments, the alginate and alginate-pectin films conditioned at 57 % RH showed 

significantly (P < 0.05) greater puncture distance values than the alginate-SPI and un-

gelled alginate films conditioned at 57 % RH.  Similar trends were observed in earlier 
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work on ‘wet’ alginate films where the pure ‘wet’ alginate films had significantly greater 

puncture distance values than ‘wet’ alginate-SPI films but not significantly different (P > 

0.05) values from the ‘wet’ alginate-pectin films.  The work to puncture results followed 

a similar pattern as the puncture distance, with the films conditioned at 100 % RH 

having significantly (P < 0.05) greater work values than their corresponding films 

conditioned at 57 % RH (Table 5.1).  The alginate-SPI films took less (P < 0.05) work to 

puncture than the pure alginate or alginate-pectin films conditioned at the same relative 

humidity. 

 Tensile testing is another tool used to measure the mechanical properties of 

biopolymer films.  Fewer differences were seen in the tensile strengths of the films 

compared to the puncture results.  Only the un-gelled alginate films had significantly (P 

< 0.05) greater tensile strength than all of the other films (Table 5.1).  Our previous work 

indicated that ‘wet’ alginate-pectin films had greater tensile strength than the pure ‘wet’ 

alginate films.  It was expected that the films conditioned at 57 % RH would have 

greater tensile strength than those conditioned at 100 % RH.  Other work has shown 

that the tensile strength of ‘dry’ calcium-alginate films decreased when the films were  

exposed to high relative humidity (Olivas & Barbosa-Cánovas, 2008).  However, the 

authors also reported that this effect was less pronounced when plasticizers such as, 

glycerol, sorbitol, fructose or PEG-8000, were absent from the film formulations.  They 

argued that the non-plasticized films had a reduced capacity to absorb water and thus 

their mechanical properties were less influenced by changes in relative humidity.  In the 

current work, plasticizers were not used in our formulations.  This may explain why 

more differences in the 57 % and 100 % RH films tensile strengths were not observed. 

 Similar to the puncture distance, the % EAB was significantly (P < 0.05) greater 

for films conditioned at 100 % RH than films conditioned at 57 % RH (Table 5.1).   

Unlike the puncture distance, no significant differences (P > 0.05) were found between 

the various films conditioned at 57 % RH.  Contrarily, Galus and Lenart (2013) reported 

greater elongation values for blended ‘dry’ alginate-pectin films than pure alginate or 

pure pectin ‘dry’ films.  Gohil (2011) also reported that adding up to 60 % low methoxyl 

pectin improved the elongation of ‘dry’ alginate films.  Additionally our previous work on 
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‘wet’ alginate films showed that alginate-pectin films had greater % EAB than pure 

alginate films.  Therefore, it appears that any benefit low methoxyl pectin imparted on 

the elongation of ‘wet’ alginate films was lost when the films were dried.  On the other 

hand, adding soy protein isolate to the alginate films did not influence (P > 0.05) the % 

EAB of either the ‘wet’ (Harper et al., 2013) or dried (57 % 100% RH) films. 

 The Young’s modulus is a measurement of the film’s stiffness.  Similar to the 

tensile strength, the un-gelled alginate film had the highest Young’s modulus of all of the 

films (Table 5.1).  No differences in modulus were seen between the gelled alginate, 

alginate-pectin and alginate-SPI films conditioned at the same relative humidity but in all 

three cases the films conditioned at 57 % RH had greater stiffness values than those 

conditioned at 100 % RH.  Again, this is likely due to the plasticizing effect of water in 

the films.  Plasticizers have been shown to decrease the modulus of ungelled dried 

alginate films (Parris, Coffin, Joubran, & Pessen, 1995).  The alginate-SPI films were 

significantly (P < 0.05) thicker than the alginate-pectin and gelled alginate films while the 

un-gelled alginate films were the thinnest (Table 5.1).  It should be noted that unlike the 

other films, the un-gelled films were rolled between two sheets of plastic with the roller.  

Therefore the un-gelled films were thinner than the gelled films prior to drying.  Thus it is 

difficult to determine if the ungelled films shrank more or less during drying than the 

gelled films. 

 In order to be able to directly compare the dried films in this study to the ‘wet’ 

films produced in earlier work, the films were manufactured in the same way as earlier 

studies before they were dried and conditioned.  All of the dried films (conditioned at 

both RH) in the present study had greater puncture force and tensile strength values 

than their corresponding ‘wet’ films produced in earlier work.  For instance, the ‘wet’ 

alginate-SPI films had a tensile strength of ~1.6 MPa (Harper et al., 2013) while the 

dried alginate-SPI films had tensile strengths of 24.5 and 4.4 MPa for the films 

conditioned at 57 and 100 % RH, respectively.   On the other hand, all of the ‘wet’ films 

had greater puncture distance and percent elongation at break values (% EAB) than 

their corresponding dried (57 & 100 % RH) films.  The % EAB values in the present 

study ranged from ~3 to 16 % whereas those previously reported for ‘wet’ alginate films 
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were ~82 to 141 % (Harper et al., 2013).  Therefore, it appears that drying the films 

improved their puncture and tensile strength but decreased their elongation and 

puncture distance.  Even after rehydration the films did not have the same properties as 

the original ‘wet’ films. 

 With the exception of the un-gelled alginate films, all of the films conditioned at 

100 % RH were more transparent than the films conditioned at 57 % RH (Figure 5.2).  

Visually the alginate-pectin, alginate-SPI and pure alginate films conditioned at 57 % 

RH were a whitish colour.  On the other hand, the pure alginate and alginate-pectin 

films conditioned at 100 % RH were clear and transparent (upper lines in Figure 5.2). 

The alginate-SPI films conditioned at 100 % RH had a slight yellowish-brown tint to 

them and appeared to be the least transparent of the 100 % RH films.  It is believed that 

the whitish colour of the films conditioned at 57 % RH was a result of salt crystals on the 

surface of the film.  This hypothesis was supported by SEM images which showed very 

small salt crystals (approx. 1-2 µm) on the surface of the alginate-SPI, alginate-pectin 

and pure alginate films conditioned at 57 % RH (images not shown).  It would also 

explain why the un-gelled alginate films conditioned at 57 % RH were much more 

transparent than all of the other films conditioned at 57 % RH. 

 The ATR-FTIR spectra of the alginate, alginate-pectin, and alginate-kappa-

carrageenan film forming solutions and ‘wet’ and dried (57% RH) films are shown in 

Figure 5.3.  In addition the alginate, pectin, and kappa-carrageenan dry powders that 

were used to make the films were scanned (Figure 5.3).  Although the mechanical 

properties of kappa-carrageenan films have not been explored in this work, earlier work 

had suggested that kappa-carrageenan and alginate may act synergistically in hybrid 

films and thus FTIR scans were also taken of these films. 

 Table 5.2 summarizes the main vibrational peaks of the various spectra (Figure 

5.3) in the fingerprint region (1750-800 cm-1).  Assignment of the peaks was based on 

literature values (Kacurakova, Capek, Sasinkova, Wellner, & Ebringerova, 2000; 

Papageorgiou et al., 2010; Pereira, Amado, Critchley, van de Velde, & Ribeiro-Claro, 

2009; Sartori, Finch, & Ralph, 1997).  Calcium is known to interact with the carboxylate 
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groups in the alginate.  The two absorbance bands associated with the symmetric and 

asymmetric stretching vibration of the COO- groups of alginate occurred at 1426-1414 

cm-1 and 1597-1591 cm-1 respectively for the various films and film forming solutions 

(Figure 5.3; Table 5.2).  This is in agreement with other studies who reported these two 

peaks to occur in the 1422-1404 cm-1 and 1622-1596 cm-1 ranges (Jaya, Durance, & 

Wang, 2009; Mohamadnia, Zohuriaan-Mehr, Kabiri, Jamshidi, & Mobedi, 2007; 

Papageorgiou et al., 2010; Paşcalău et al., 2012; Sarmento, Ferreira, Veiga, & Ribeiro, 

2006).  It should be noted that two peaks were actually detected in the 1600 cm-1 region 

in the present study; however the peak at 1635-1631 cm-1 has been attributed to the 

water in the films as it was not present in the alginate powder spectra (Figure 5.3). 

 For all three treatments, the peak associated with the symmetric stretching 

vibration of the COO- shifted to a greater wavenumber (1414-1415 cm-1 to 1422-1426 

cm-1) when the film forming solution was gelled with calcium and the resulting ‘wet’ film 

dried (Figure 5.3; Table 5.2).  Paşcalău et al. (2012) reported a similar shift when ‘dry’ 

alginate-kappa-carrageenan films were gelled with calcium.  Sartori et al. (1997) also 

observed an increase in wavenumber of the symmetric stretching vibration of the COO- 

when sodium alginate was gelled with calcium.  They stated that a peak shift should be 

expected as the environment around the carboxyl group changes when Na+ ions are 

replaced by Ca2+ ions, since the two ions have different charge densities, radii and 

atomic weights.  Shifts in the peak associated with the asymmetric stretching vibration 

of the COO- on the alginate were less defined (Figure 5.3; Table 5.2).   

 Several peak shifts occurred when the various alginate and composite solutions 

were gelled with calcium into ‘wet’ films.  These included shifts from 1102-1101 cm-1 to 

1086-1085 cm-1 and 1000-999 cm-1 to 993-992 cm-1 (Figure 5.3; Table 5.2).  Sartori et 

al. (1997) also reported shifts towards lower wavenumbers for several peaks in the 

1150-1000 cm-1 region when sodium alginate was gelled with calcium.  They suggested 

that the shift to lower frequencies was caused by weakening in the C-C and C-O bonds, 

likely due to these bonds being shared with calcium ions.  They also found a new peak 

at 1010 cm-1 when sodium alginate was gelled with calcium.  While this peak was not 

observed in the ‘wet’ films in the current work, it was present in the spectra of the dried 
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films.  Other peaks that were only observed in the dried film spectrum include the peaks 

at 1312 cm-1 and 824-820 cm-1 (Figure 5.3; Table 5.2).  It is suspected that these peaks 

were masked by the large percentage of water (~95 %) in the ‘wet’ films.  Drying the 

‘wet’ films also caused shifts towards lower frequencies of several peaks (Figure 5.3).  

These included shifts from 1125-1124 cm-1 to 1117 cm-1 and 1086-1085 cm-1 to 1081-

1080 cm-1 (Table 5.2). 

 Overall, there were no differences observed between the alginate, alginate-pectin 

and alginate-kappa-carrageenan treatments in either the film or the film forming solution 

spectrum (Figure 5.3; Table 5.2).  Paşcalău et al. (2012) reported a peak at around 

1225 cm-1 in the alginate-kappa-carrageenan treatments due to the S=O stretching.  

Ismail, Ramli, Hani, & Meon (2012) also described a peak around 1760-1740 cm-1 in 

alginate-pectin treatments due to the esterified carboxyl groups of the pectin.  It is 

thought that because the amount of pectin and kappa-carrageenan added to the 

alginate was low (0.25 %), the intensity of these peaks was too low to be detected in the 

analysis of the composite film and film forming solution spectra. 

5.5 Conclusions 

 The results show that water plays a critical role in determining the mechanical 

properties of alginate films.  Dried alginate films conditioned at 57 % RH had different 

mechanical and optical properties than their corresponding dried alginate films 

conditioned at 100 % RH.  While drying gelled ‘wet’ alginate films appeared to increase 

their puncture and tensile strength, it also decreased their elongation and puncture 

distance.  Rehydrated dried films (i.e., 100 % RH films) did not have the same 

properties as the original ‘wet’ films, suggesting that drying caused irreversible changes 

the alginate film structure. 

 Dried alginate-pectin films did not show significantly different (P > 0.05) puncture 

or tensile properties compared pure Ca-alginate films at either 57 % or 100 % RH.  This 

was contrary to some of our earlier work on ‘wet’ films which showed ‘wet’ alginate-

pectin films to have greater tensile stress, % EAB, and puncture work than pure ‘wet’ 

Ca-alginate films.  Therefore any benefits low methxyl pectin imparted on ‘wet’ alginate 
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films, appeared to be lost once the films were dried.  On the other hand, in both the 

dried (57 % & 100 % RH) and ‘wet’ (Harper et al., 2013) alginate films adding SPI to the 

films decreased their puncture force and work but did not affect the films’ tensile 

properties.  These results suggest that inferences on the behaviour of dried alginate 

composite films cannot necessarily be drawn from the results of corresponding ‘wet’ 

alginate composite film testing and vice versa.  Therefore, when testing alginate 

composite films for specific applications one must be mindful of the conditions under 

which the films will be exposed when they are in use. 

 Adding low methoxyl pectin or kappa-carrageenan to the alginate film forming 

solution did not cause any detectable differences in the FTIR spectra of the films or film 

forming solutions in the 1750-800 cm-1 region.  However for all three treatments, peak 

shifts were detected when the film forming solution was gelled with Ca2+.  Peak shifts 

were also detected when the ‘wet’ films were dried.  Understanding how water 

influences the properties of alginate and alginate composite films is important for further 

development of the films.  Future work looks to explore the role of plasticizers, such as 

glycerol, play in dried alginate films under different relative humidity. 
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Figure 5.1 Puncture force of dried calcium-alginate films with and without low methoxyl pectin (LMP) or 
soy protein isolate (SPI) conditioned at 57 % and 100 % relative humidity (RH)  
a-e

 show significant differences (P < 0.05) between means (n = 18)  
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Table 5.1 Mechanical properties of dried calcium-alginate films with and without low methoxyl pectin 
(LMP) or soy protein isolate (SPI) conditioned at 57 % and 100 % relative humidity  

Treatment Distance to 
Puncture 
(mm) 

Work to 
Puncture   
(N mm) 

Tensile 
Strength 
(MPa) 

% 
Elongation 
at Break  

Young’s 
Modulus (MPa) 

Thickness 
(mm) 

ALG (no Ca) 57    3.2 ± 0.3
c 

  7.3 ± 0.4
c 

90.9 ± 32.8
a 

  3.7 ± 1.3
b 

2729.2 ± 298.4
a 

0.007 ± 0.002
c 

ALG 57    6.6 ± 0.5
b 

29.4 ± 1.9
b 

30.0 ± 5.2
b 

  5.8 ± 1.3
b 

  867.2 ± 294.0
b 

0.018 ± 0.002
b 

ALG 100 11.3 ± 0.5
a 

39.5 ± 4.3
a 

  9.9 ± 0.3
b 

12.0 ± 2.9
a 

  179.7 ± 15.5
c 

0.020 ± 0.001
b 

ALG LMP 57   5.7 ± 0.3
b 

27.8 ± 3.5
b 

38.8 ± 5.7
b 

  4.6 ± 0.6
b 

1190.9 ± 228.1
b 

0.018 ± 0.002
b 

ALG LMP 100 11.9 ± 0.1
a 

41.0 ± 1.8
a 

  9.9 ± 1.5
b 

12.3 ± 2.4
a 

  178.7 ± 45.2
c 

0.018 ± 0.002
b 

ALG SPI 57   2.7 ± 0.4
c 

  4.8 ± 1.1
c 

24.5 ± 3.5
b 

  3.2 ± 0.3
b 

  989.6 ± 265.6
b 

0.035 ± 0.002
a 

ALG SPI 100 11.6 ± 0.3
a 

31.6 ± 2.4
b 

  4.4 ± 0.1
b 

16.1 ± 3.2
a 

    64.5 ± 4.4
c 

0.034 ± 0.001
a 

Means ± standard deviation, 
a-c

 show significant differences (P < 0.05) between means (n = 18)  
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Figure 5.2 Visible light transmission (n =18) of dried calcium-alginate films with and without low methoxyl 
pectin (LMP) or soy protein isolate (SPI) conditioned at 57 % and 100 % relative humidity  
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Figure 5.3 ATR-FTIR spectra in the 4000-675 cm

-1
 range of alginate (A), alginate-low methxyl pectin (B) 

and alginate-kappa carrageenan (C) film forming solutions (a,e,i); ‘wet’ films (b,f,j); ‘dry’ films (c,g,k); and 
alginate (d), low methoxyl pectin (h) and kappa-carrageenan (l) powders  
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Table 5.2 Assignment of the main vibrational peaks for the ATR-FTIR spectra in the 1750-800 cm
-1

 range  

 
 
 

Vibration
a 

Alginate 
 

Alginate- Low Methoxyl Pectin Alginate-Kappa Carrageenan 

Film 
Forming 
Solution 

 
‘Wet’ 
Film 

 
‘Dry’ 
Film 

 
 

Powder 

Film  
Forming 
Solution 

 
‘Wet’ 
Film 

 
‘Dry’ 
Film 

 
Pectin 

Powder 

Film  
Forming 
Solution 

 
‘Wet’ 
Film 

 
‘Dry’ 
Film 

 
Kappa 
Powder 

C=O stretching        1743     
-        1676     
- 1635 1632 1633s  1633 1632 1631s  1633 1633 1632s  

Asymmetric COO
-
 

stretching 
1597s 1591s 1596 1594 1596s 1594s 1595 1589 1594s 1592s 1597  

Symmetric COO
-
 

stretching 
1414 1418 1426 1410 1414 1418 1422 1441s, 

1408 
1415 1420 1422  

-        1326     
C-O stretching   1312 1318   1312    1312  
S=O stretching            1260s 

1223 

-        1224     
-            1157 

C-O, C-C & C-O-C 
stretching 

1126, 
1102, 
1032 

1125, 
1085,  
1028 

1117, 
1080, 
1028 

1124, 
1088, 
1027 

1126, 
1101, 
1032 

1124, 
1086, 
1028 

1117, 
1081, 
1028 

1141, 
1100, 
1072, 
1047 

1125, 
1101, 
1032 

1125, 
1085, 
1028 

1117, 
1080, 
1028 

1126, 
1067s, 
1030 

- 999 992 1010, 
989 

995s 1000 993 1010, 
989 

1013 1000 992 1011, 
989 

 

Galactose            969 
C-O stretching 
Uronic acids 

950 945 941 944 949 944 939 947 947 947 939  

C-O of 3,6-
anhydrogalactose 

           928 

-        886    889 
C-O-SO3 on C4 of 

galactose 
           842 

-        830     
Mannuronic acid 

residues? 
  824 811   822    820  

a 
Sartori, Finch & Ralph (1997); Kacurakova et al. (2000); Pereira et al. (2009); Papageorgiou et al. (2010) 

s, shoulder peak 
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Chapter 6 Effect of Glycerol on the Mechanical Properties of Dried Ca-

Alginate and Alginate Composite Films Conditioned at two different 

RH 

6.1 Abstract 

 Dried Ca-alginate and Ca-alginate composite films made with cellulose extracted 

from soybean chaff or κ-carrageenan were conditioned at 57 % or 100 % RH and their 

mechanical and optical properties compared.  Additionally, the effect of adding glycerol 

to the films was explored.  Alginate-cellulose films took less (P < 0.05) force, distance 

and work to puncture than pure alginate films conditioned at the same RH.  The 

alginate-cellulose films were also the least transparent of the films conditioned at 100 % 

RH.  Contrarily, adding κ-carrageenan to the alginate films had little effect on the 

mechanical or optical properties of the dried films.  Films conditioned at 57 % RH took 

greater (P < 0.05) force but less distance to puncture than their counterparts 

conditioned at 100 % RH.  With the exception of the pure alginate films made without 

glycerol, all of the films conditioned at 100 % RH had greater (P < 0.05) elongation 

values than their corresponding films conditioned at 57 % RH.  Dried films conditioned 

at 100 % RH were also more transparent than those conditioned at 57 % RH.  Overall, 

there were few differences in the mechanical and optical properties of films made with 

and without glycerol. 

6.2 Introduction 

 Food packaging is a vital part of the food industry.  In fact, Robertson (2006) 

stated that approximately 25 % of the ex-factory cost of consumer foods is used for their 

packaging.  Prior to the twentieth century, packaging materials were made from 

biologically-derived resources.  In the twentieth century, many of these biologically-

derived packaging materials were replaced with petroleum-based materials (Robertson 

2006).  In recent years, rising petroleum costs and environmental concerns about the 

use of these synthetic plastics has led to renewed interest in the use of food packaging 

materials from natural, renewable resources (Cutter, 2006; da Silva, Bierhalz, & 

Kieckbusch, 2009; Rhim, 2004).  Biopolymer films made from polysaccharides, proteins 
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and/or lipids have been investigated extensively as alternatives to plastic films for food 

packaging.  While these bio-based films can significantly reduce the use of synthetic 

packaging, they are not meant to totally replace it (Da Silva, Bierhalz, & Kieckbusch, 

2009).             

 Alginate is one example of a polysaccharide that is used in biopolymer films.  

Alginates are extracted from brown seaweed and also produced by some types of soil 

bacteria (Stephen, Phillips, & Williams, 2006).  Alginate is the salt of alginic acid which 

is a linear co-polymer made up of (1→4) β-D-mannuronic (M) and α-L-guluronic (G) 

acid.  These acid residues are arranged in regions of solely M or G residues, referred to 

as M or G blocks, as well as areas of M and G residues, referred to as MG blocks.  The 

proportion of M to G residues and their distribution pattern varies with the algal source  

(Fang et al., 2007).  Calcium and some other divalent cations (i.e., Sr2+, Ba2+, Co2+, 

Cu2+, Zn2+, Cd2+ and Mn2+) are able to gel alginates (Mørch, Donati, Strand, & Skjåk-

Braek, 2006; Ouwerx, Velings, Mestdagh, & Axelos, 1998).  Typically, the Ca-alginate 

junction zones are described by the ‘egg-box’ model, although recent work has 

suggested that this is not the only possible arrangement for the junction zones (Li, 

Fang, Vreeker, Appelqvist, & Mendes, 2007).                 

 Cellulose is another biopolymer which has good film-forming properties (Park et 

al., 1993).  As the most abundant natural resource in the plant kingdom, its wide 

availability and low cost make it a desirable candidate for food packaging (Park et al., 

1993; Rhim & Ng, 2007).  Cellulose is made up of linear chains of D-glucose molecules 

linked by (1→4) β-D-glucosidic bonds (Rhim & Ng, 2007).  Cellophane, the first 

cellulose film, was actually developed in 1908 by Brandenberger (Paist, 1958).  

Cellophane sausage casings were first produced in 1928.  Since then, other types of 

cellulose casings have been developed and several types are still used in the industry 

today (Savic & Savic, 2002).  Cellulose-based films are good oxygen and hydrocarbon 

barriers but the low elasticity of cellulose can limit their applications (Park et al.,1993; 

Rhim & Ng, 2007).   
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  Kappa-carrageenan is another polysaccharide used in biopolymer films 

(Paşcalău et al., 2012; Roh & Shin, 2006; Villagomez-Zavala et al., 2008).  

Carrageenan is extracted from red seaweeds, where it plays a structural role in the 

cellular matrix.  It is made up of repeating units of galactose and 3,6-anhydrogalactose, 

with sulphate esters in varying amounts and location depending on the type of 

carrageenan (kappa, iota or lambda).  Like alginate, κ-carrageenan is able to form gels 

in the presence of gelling cations.  The thermoreversible gels are formed when κ-

carrageenan is dissolved in hot water and then cooled below its gelling temperature in 

the presence of adequate amount of gelling cations.  For κ-carrageenan the strongest 

gels are formed in the presence of potassium ions followed by calcium ions 

(Damodaran, Parkin & Fennema, 2008).              

 Plasticizers are low molecular weight non-volatile agents that are added to films 

to increase their flexibility and processability (Rhim & Ng, 2007; Vieira, da Silva, dos 

Santos, & Beppu, 2011).  Glycerol and sorbitol are two examples of commonly used 

plasticizers.  When added, plasticizers decrease the intermolecular forces along 

polymer chains, which improves flexibility and chain mobility (Da Silva et al., 2009).  

They are also known to decrease the glass transition temperature of materials (Arık 

Kibar & Us, 2013).  Several negative effects of plasticizers in edible films have been 

reported.  These include increases in gas, solute, or water vapour permeability as well 

as decreases in film cohesion (Da Silva et al., 2009).      

 Although polysaccharide films typically have good mechanical properties and are 

efficient oxygen and carbon dioxide barriers, they are poor water vapour barriers (Rhim 

& Ng, 2007).  For this reason, their applications are somewhat limited.  One potential 

use for these highly hydrophilic films is as co-extruded sausage casings.  Recently, 

several sausage manufacturers in Europe and North America have begun using co-

extruded alginate, collagen or alginate-collagen hybrid casings for their sausage 

products.  For the alginate casings some manufactures have added other 

polysaccharides, such as starch and cellulose, to the formulations.  Despite their use 

commercially, little has been published in the scientific literature about the properties of 

these ‘wet’ biopolymer films.  The vast majority of the literature has reported on ‘dried’ 
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alginate films for use after they have been cast.  However in our earlier work, we 

explored how adding various proteins and carbohydrates influenced the mechanical 

properties of ‘wet’ (~90-95 % water content) alginate films (Harper, Barbut, Lim, & 

Marcone, 2013).    

 Very few comparisons have been made between the mechanical properties of 

‘wet’ and ‘dried’ alginate films.  In an earlier paper, we explored how drying ‘wet’ Ca-

alginate and Ca-alginate composite films made with low methoxyl pectin or soy protein 

isolate affected the mechanical properties of the films.  The dried films were conditioned 

at both 57 % and 100 % RH to examine how the relative humidity influenced their 

strength and elasticity.  In their work on Ca-alginate films, Olivas Barbosa-Cánovas 

(2008) found that the effects of relative humidity on the films’ mechanical properties 

were more pronounced in films containing a plasticizer.  The goal of the current work 

was to further explore this idea by adding glycerol to the ‘wet’ films prior to drying to 

evaluate how its presence affected the mechanical properties of the dried films 

conditioned at 57 % and 100 % RH.  For this work, cellulose (extracted from soybean 

chaff) and κ-carrageenan were chosen as ingredients for the alginate composite films.  

Understanding how RH and glycerol affects these alginate films is important for future 

development of the films. 

6.3 Materials and Methods 

6.3.1 Film Preparation 

 Cellulose fibers were extracted from soybean chaff as described by Jensen 

(2012) and Chan (2012).  The extracted cellulose slurry was mixed into 23 °C double 

deionized water to form a 0.25 % (w/w) cellulose solution.  To aid in mixing, the 

cellulose solution was sonicated (Vibra-Cell™, Model VC 505, Sonics and Materials, 

Inc., Newtown, CT, USA) at 35 % amplification for 30 s.  A 0.25 % (w/w) kappa-

carrageenan solution was also made by dissolving kappa-carrageenan (GENUGEL® 

CG-130, CP Kelco, Lille Skensved, Denmark) into 80 °C double deionized water.  5 % 

(w/w) alginate powder (GRINDSTED® Alginate FD 6965, Danisco USA Inc., Rochester, 

NY, USA) was mixed by hand into both the cellulose and carrageenan solutions.  A 



 
 

93 

control sample with only 5 % (w/w) alginate was also made.  All of the composite and 

pure alginate solutions were made with and without glycerol.  When glycerol was used 

in the formulation, 2.5 % (w/w) glycerol (Fisher Scientific, Fair Lawn, NJ, USA) was 

mixed into the double deionized water at 23 °C prior to any of the other ingredients 

being added to the water.  All of the solutions were degassed by using a vaccum 

packager (Multivac Canada Inc., Woodbridge, ON, Canada) at 7.3 kPa for 25, 50 and 

75 s and then left to hydrate for a minimum of 2 h at 23 °C.  ‘Wet’ films were produced 

according to the methods published by Harper et al. (2013).  Briefly, 1.5 g portions of 

the solutions were rolled onto a plastic covered stainless steel board by using a 

stainless steel roller with a recess of 0.34 mm.  The roller with the film on it was placed 

into a 5 % (w/w) CaCl2 (Fisher Scientific, Fair Lawn, NJ, USA) bath for 1 min in order to 

gel the film. 

6.3.2 Drying and Conditioning of the Films 

 The ‘wet’ alginate and alginate composite films were pinned (to prevent curling) 

to a plastic covered piece of pine wood and left to dry overnight at room conditions (~23 

°C and ~52 % RH).  The following day the films were unpinned and peeled from the 

plastic.  The films that would later be used for tensile testing were cut into 75 mm X 25 

mm strips by using a razor blade and their thickness measured (top, centre and bottom) 

by using a digital micrometer (Testing Machines Inc., Islandia, NY, USA).  The dried 

films were hung in jars with either a saturated NaBr solution or double deionized water 

in it and left to condition overnight at 57 % RH or 100 % RH, respectively. 

6.3.3 Mechanical Properties 

 A TA-XT2i texture analyzer (Texture Technologies Corporation, Scarsdale, NY, 

USA) was used for all mechanical testing.  In the puncture test, a 5 mm ball probe was 

used to puncture the uncut films.  The trigger force was set at 5 g and the test speed 

was 10 mm/s.  Tensile testing was conducted according to the ASTM-D882 (2010) 

standard tensile testing procedure.  The gripper distance was 50 mm, the test distance 

75 mm, the trigger force 8 g and the test speed 2 mm/s.   
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6.3.4 Optical Properties 

 A single beam USB 2000 spectrophotometer (Ocean Optics Inc., Dunedin, FL, 

USA) was used to measure the visible light transmission (400-780 nm) of the dried films 

conditioned at 57 % or 100 % RH.  The integration time was set to 25 ms with 2 scans 

to average and a boxcar width of 4.  Six films were scanned per treatment in each of the 

three trials.  The average light transmission of the eighteen films was calculated for 

each of the treatments.     

6.3.5 Statistical Analysis 

 The experimental design was a completely randomized block with three 

independent trials.  Each trial was conducted over a two week period.  One treatment 

(conditioned at both 57 % and 100 % RH) was tested per day.  Treatments with and 

without glycerol were not tested on separate days.  For both of the mechanical tests, in 

each trial, six films were tested per treatment.  These six subsample measurements 

were averaged in each trial and the three average values (one per trial) were used for 

statistical analysis (SAS Version 9.2, SAS Inst., Cary, NC, USA).  A General Linear 

Model with film type and trial as fixed effects was used for analysis of variance 

(ANOVA).  The film type means were compared by using a Tukey’s multiple comparison 

analysis with a P-value ≤ 0.05 used to detect statistical significance.             

6.4 Results and Discussion 

6.4.1 Film Forming and Optical Transmission 

 After drying, composite films made with cellulose were significantly (P < 0.05) 

thicker than alginate and alginate-κ-carrageenan films (Table 6.1).  In all cases, the 

dried films conditioned at 100 % RH (Figure 6.1) appeared to be more transparent than 

those conditioned at 57 % RH (Figure 6.2).  The addition of glycerol to the films did not 

appear to change their transparency.  Of the films conditioned at 100 % RH, the 

alginate-cellulose films appeared to be the least transparent (Figure 6.1).  Visually the 

alginate-cellulose films had a yellowish-green tint to them while the alginate and 

alginate-kappa-carrageenan films were clear and transparent.  Contrarily, all of the films 

conditioned at 57 % RH were a whitish colour.  A similar observation was made in 
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previous work (Chapter 5) and it was suggested that the white colour was a result of 

very small salt crystals on the surface of the 57 % RH films. 

6.4.2 Mechanical Properties 

 The tensile strengths of the Ca-alginate films in the present study (Table 6.1) 

were lower than some of the values reported in the literature for ‘dry’ alginate films.  

Tensile strengths of 85.9, 64.7, and 24.1 MPa were reported for dried glycerol-

plasticized calcium-alginate films conditioned at 50 %, 56 %, and 98 % RH, respectively 

(Olivas & Barbosa-Cánovas, 2008; Rhim, 2004).  In each of these cases, the alginate 

films were dried prior to being immersed into CaCl2.  However, the films in the present 

study were gelled with CaCl2 prior to drying, which may account for some of the 

differences observed between the studies.  Additionally the films in the current work 

were thinner than the films in the other two studies (17-41 µm vs. 49-69 µm).  The 

percent elongation at break (% EAB) values in the present study (Table 6.1) were 

slightly greater than those reported for some ‘dry’ Ca-alginate and Ca-alginate 

composite films (Fazilah et al., 2011; Galus & Lenart, 2013; Gohil, 2011; Olivas & 

Barbosa-Cánovas, 2008; Rhim, 2004) but similar to other reported values (Paşcalău et 

al., 2012; da Silva et al., 2012). 

6.4.3 Effect of Treatment 

 Adding κ-carrageenan to the alginate films had little effect on their puncture or 

tensile properties.  In fact, there were no significant (P > 0.05) differences in the tensile 

strength, % EAB, Young’s modulus (Table 6.1) or puncture distance (Figure 6.3) 

between the alginate and alginate-κ-carrageenan films conditioned at the same RH.  At 

57 % RH, the alginate-κ-carrageenan films made without glycerol took more (P < 0.05) 

force (Figure 6.4) and work (Table 6.1) to puncture than pure alginate films made 

without glycerol.  There were no other differences in the force or work to puncture the 

alginate-κ-carrageenan and pure alginate films conditioned at the same RH.  Paşcalău 

et al. (2012) reported that certain ‘dry’ alginate-κ-carrageenan films had greater tensile 

strength than pure ‘dry’ alginate films.  They also reported that some of the alginate-κ-

carrageenan films had greater % EAB values than pure alginate films.  However the 
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changes in tensile properties in their study were highly dependent on the concentration 

of the two components within the films.  Thus, the concentration of ingredients in the 

films must be considered before fair comparisons can be made between studies.  The 

concentration of film components is not the only factor that can influence the 

mechanical properties of dried alginate films.  Work on the drying of alginate films has 

shown that the drying conditions (i.e., drying method- oven vs. ambient conditions and 

drying temperature) can also influence the mechanical properties of the resulting film 

(Da Silva et al., 2012).           

 Since κ-carrageenan contains hydrophilic SO3
- groups, it was thought that adding 

κ-carrageenan to the alginate films would influence their water sorption and thus the 

mechanical properties of the dried films (Xu, Bartley, & Johnson, 2003).  Although this 

effect was not observed for dried alginate films, earlier work on ‘wet’ films showed that 

adding κ-carrageenan to alginate films did increase their elongation values.  The % EAB 

of ‘wet’ alginate and alginate-κ-carrageenan films were 91.4 % and 130.8 % 

respectively (Chapter 4).  It appears that any increase in film elongation caused by the 

addition of κ-carrageenan in the ‘wet’ film was lost once the film was dried.  A similar 

phenomenon was reported for alginate-pectin films in our earlier work (Chapter 5).   

 Adding cellulose to the films influenced their puncture properties but had little 

effect on their tensile properties.  Alginate-cellulose films took less (P < 0.05) force 

(Figure 6.4), distance (Figure 6.3) and work (Table 6.1) to puncture than pure alginate 

films conditioned at the same RH.  Contrarily, there were no differences (P > 0.05) in % 

EAB or Young’s modulus between the alginate and alginate-cellulose films conditioned 

at the same RH (Table 6.1).  The only significant (P < 0.05) difference in tensile strength 

was between the alginate and alginate-cellulose films made with glycerol conditioned at 

57 % RH (Table 6.1).  Earlier work on ‘wet’ films also demonstrated that adding 

cellulose to alginate films negatively influenced their puncture properties but had no 

effect on their tensile properties (Chapter 4).  It was suggested that cellulose fibers may 

be interrupting the alginate structure of the film.  This is an important observation since 

currently some manufacturers are using cellulose in their co-extruded alginate casings. 
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6.4.4 Effect of Glycerol 

 Very few differences in the mechanical properties of the films were observed 

when glycerol was present in the film forming solution.  In fact, dried films with glycerol 

in their film forming solution did not have significantly (P > 0.05) different puncture 

distance (Figure 6.3), thickness, tensile strength, percent elongation at break (% EAB) 

or Young’s modulus (Table 6.1) values than their counterparts without glycerol.  

However, for the pure alginate films conditioned at 57 % RH, it took more (P < 0.05) 

force (Figure 6.4) and work (Table 6.1) to puncture films with glycerol than films without 

glycerol.  This was contrary to what was expected.  Olivas and Barbosa-Cánovas 

(2008) reported greater tensile strengths at all RH for Ca-alginate films without 

plasticizer than those with plasticizer.  They also reported a significant increase in 

elongation of films conditioned at 78 % and 98 % RH (but not 58 % RH) when glycerol, 

sorbitol and fructose were added to the films.  Increasing the glycerol concentration in 

the calcium bath increased the elongation and decreased the tensile strength of ‘dry’ 

alginate-pectin composite films (Da Silva et al., 2009).  Similar trends have also been 

observed when various plasticizers have been added to ‘dry’ gellan, cellulose and un-

gelled alginate films (Park et al., 1993; Parris, Coffin, Joubran, & Pessen, 1995; Yang & 

Paulson, 2000).   

 Considerable glycerol losses can occur when alginate gels are dried at 

temperatures greater than 40 °C (da Silva et al., 2012).  Although the films in the current 

study were dried at ~23 °C, it is possible that some glycerol was lost during the drying 

process.  This is one potential explanation of why there were not more differences in the 

mechanical properties between the films with and without glycerol.   Since glycerol is 

hydrophilic, it is also possible that some glycerol was lost in the calcium bath while the 

films were being gelled.  However, this is less likely considering the quick gelling time 

(i.e., 1 min) of the alginate films.  Increasing the glycerol concentrations in the film 

forming solution, may have resulted in more noticeable differences in the mechanical 

properties of the films.  
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6.4.5 Effect of Relative Humidity 

 As expected, relative humidity influenced the mechanical properties of the dried 

alginate and alginate composite films.  In all cases, it took more (P < 0.05) force to 

puncture the films conditioned at 57 % RH than it did to puncture their counterparts 

conditioned at 100 % RH (Figure 6.4).  Remunan-Lopez and Bodmeirer (1997) also 

reported lower puncture strength for ‘wet’ alginate films compared to ‘dry’ alginate films.  

The distance to puncture values were lower (P < 0.05) for films conditioned at 57 % RH 

than their corresponding films conditioned at 100 % RH (Figure 6.3).  This trend was 

also observed for alginate, alginate-SPI, and alginate-pectin films in our previous work 

(Chapter 5).  The alginate and alginate-cellulose films made without glycerol 

conditioned at 57 % RH also had lower (P < 0.05) work to puncture values than their 

corresponding films conditioned at 100 % RH (Table 6.1).  Differences in the puncture 

properties of dried films conditioned at 57 % and 100 % RH are likely due to the 

plasticizing effect of water in the films.  Since water molecules are able to decrease the 

glass transition temperature and increase the free volume of biomaterials they can be 

classified as plasticizers.  In fact, water is considered the most powerful ‘natural’ 

plasticizer of hydrocolloid-based films (Vieira et al., 2011).  The plasticization effect of 

water molecules on biopolymers has been well documented (Cheng, Karim, & Seow, 

2006; Gontard, Guilbert, & Cuq, 1992; Karbowiak et al., 2006).    

 Films conditioned at 57 % and 100 % RH also had different tensile properties 

(Table 6.1).  With the exception of the pure alginate films made without glycerol, all of 

the films conditioned at 100 % RH had significantly (P < 0.05) greater elongation values 

than their corresponding films conditioned at 57 % RH.  It should be noted that although 

no significant (P > 0.05) difference was found, pure alginate films without glycerol 

conditioned at 100 % RH did have a numerically higher value than their counterparts 

conditioned at 57 % RH.  Olivas & Barbosa-Cánovas (2008) found that ‘dry’ Ca-alginate 

films conditioned at higher relative humidity had increased elongation values but 

decreased tensile strength.  In the current work, only the alginate films made with 

glycerol and alginate-κ-carrageenan films made without glycerol had significantly (P < 

0.05) lower tensile strength when conditioned at 100 % compared to 57 % RH.  The 
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Young’s modulus was greater (P < 0.05) for alginate and alginate-κ-carrageenan films 

condtioned at 57 % RH compared to those conditioned at 100 % RH.  Although the 

alginate-cellulose films conditioned at 57 % RH had numerically higher Young’s 

modulus values than those conditioned at 100 % RH, no significant (P > 0.05) difference 

was found between the films at the two different RH.  However, some of the films had 

large standard deviations for Young’s modulus which may explain why more significant 

differences were not detected between the films.  Again, these differences in tensile 

properties between the 57 % and 100 % RH films are likely due to the plasticizing effect 

of water in the films.   

 Since the dried films in the current work were made from in the identical manner 

as the ‘wet’ films in previous work (Chapter 4), direct comparisons could be made 

between the dried and ‘wet’ films.  All of the dried films (conditioned at both 57 % & 100 

% RH) had greater puncture force and tensile strength but lower puncture distance and 

elongation values than their corresponding ‘wet’ films.  For example, the percent 

elongation at break was 130.8 % for the ‘wet’ alginate-κ-carrageenan films (Chapter 4) 

and 13.0 % and 60.6 % for the dried alginate-κ-carrageenan films (without glycerol) 

conditioned at 57 % and 100 % RH.  The same trends were reported for alginate-pectin 

and alginate-SPI films in our previous work (Chapter 5).  It is important to note that the 

rehydrated dried films (i.e., 100 % RH films) did not have the same mechanical 

properties as their original ‘wet’ films.  Thus it appears that drying the films caused 

irreversible changes in the alginate film structure.           

6.5 Conclusions 

 Differences in mechanical properties were observed between dried films 

conditioned at 57 % RH and corresponding films conditioned at 100 % RH.  These 

differences were attributed to the plasticizing effect of water in the films.  However, very 

few differences existed in the mechanical and optical properties between dried Ca-

alginate and Ca-alginate composite films made with and without glycerol.  Thus it 

appeared that water played a more prominent role than glycerol as a plasticizer in these 

dried films.  Similar to earlier work, dried films conditioned at 100 % RH did not have the 

same mechanical properties as the original ‘wet’ films, suggesting that drying caused 
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irreversible changes in the alginate film structure.  While adding κ-carrageenan had little 

effect on the mechanical and optical properties of the dried alginate films, adding 

cellulose to the films decreased (P < 0.05) the force, distance and work needed to 

puncture the films.  Understanding how ingredients, such as, glycerol, κ-carrageenan 

and cellulose influence the mechanical properties of dried alginate films is important for 

processors looking for ways to manipulate the films to better suit their applications.  It is 

evident that the relative humidity that the films will be exposed to must also be 

considered when looking for suitable applications for alginate and alginate composite 

films. 
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Table 6.1 Mechanical properties of dried calcium-alginate and alginate composite films made with extracted cellulose or kappa-carrageenan, with 
or without glycerol as a plasticizer, conditioned at 57 % and 100 % relative humidity  

Treatment Glycerol 
Added 

Condition 
(% RH) 

Thickness 
(mm) 

Work to 
Puncture   
(N mm) 

Tensile 
Strength 
(MPa) 

% Elongation 
at Break  

Young’s Modulus 
(MPa) 

Alginate  No 57 0.017 ± 0.001
b 

30.4 ± 1.7
b 

28.4 ± 2.5
a,b,c 

26.5 ± 4.7
b,c,d 

  575.0 ± 60.7
a,b,c 

No 100 0.018 ± 0.001
b 

38.3 ± 3.1
a 

15.1 ± 2.2
c,d

 42.6 ± 10.7
a,b,c 

  174.3 ± 29.7
d 

Yes 57 0.019 ± 0.001
b
 38.1 ± 2.4

a
 34.1 ± 6.4

a
 25.1 ± 11.9

c,d
   659.3 ± 283.2

a,b
 

Yes 100 0.020 ± 0.002
b
 41.3 ± 4.2

a
 15.9 ± 1.8

c,d
 46.4 ± 2.6

a,b
   180.4 ± 7.9

d
 

Alginate + 
Cellulose  

No 57 0.039 ± 0.001
a
 12.9 ± 1.2

d
 15.9 ± 1.3

c,d
 16.3 ± 3.2

d
   312.4 ± 33.6

b,c,d
 

No 100 0.038 ± 0.001
a
 20.5 ± 1.1

c
   7.5 ± 0.2

d
 45.2 ± 1.3

a,b,c
     90.7 ± 6.8

d
 

Yes 57 0.041 ± 0.002
a
 15.4 ± 1.2

c,d
 16.2 ± 1.1

b,c,d
 16.4 ± 5.7

d
   338.4 ± 65.3

b,c,d
 

Yes 100 0.041 ± 0.001
a
 20.3 ± 1.2

c
   7.4 ± 2.0

d
 45.7 ± 14.4

a,b,c
     81.8 ± 3.6

d
 

Alginate + κ-
carrageenan 

No 57 0.018 ± 0.001
b 

40.3 ± 0.5
a 

39.4 ± 2.2
a 

13.0 ± 0.5
d 

  943.3 ± 75.0
a 

No 100 0.019 ± 0.001
b 

40.7 ± 2.6
a 

19.2 ± 2.2
b,c,d 

60.6 ± 1.8
a 

  210.5 ± 26.4
c,d 

Yes 57 0.021 ± 0.002
b 

41.5 ± 1.9
a 

29.7 ± 15.2
a,b 

24.9 ± 5.5
c,d 

  603.1 ± 340.3
a,b 

Yes 100 0.020 ± 0.001
b 

39.3 ± 2.3
a 

16.6 ± 1.4
b,c,d 

58.4 ± 7.1
a 

  171.7 ± 26.8
d 

Means ± standard deviation, 
a-d

 show significant differences (P < 0.05) between means (n = 18)
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Figure 6.1 Visible light transmission (n = 18) of dried calcium-alginate and alginate composite films made 
with extracted cellulose or κ-carrageenan, with or without glycerol as a plasticizer.  All conditioned at 100 
% relative humidity.  
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Figure 6.2 Visible light transmission (n = 18) of dried calcium-alginate and alginate composite films made 
with extracted cellulose or κ-carrageenan, with or without glycerol as a plasticizer.  All conditioned at 57 
% relative humidity.  
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Figure 6.3 Distance to puncture dried calcium-alginate and alginate composite films made with extracted 
cellulose or κ-carrageenan, with or without glycerol as a plasticizer, conditioned at 57 % and 100 % 
relative humidity (RH) 
a-d

 show significant differences (P < 0.05) between means (n = 18)  
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Figure 6.4 Puncture force of dried calcium-alginate and alginate composite films made with extracted 
cellulose or κ-carrageenan, with or without glycerol as a plasticizer, conditioned at 57 % and 100 % 
relative humidity (RH) 
a-d

 show significant differences (P < 0.05) between means (n = 18)  
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Chapter 7 Effect of Various Gelling Cations on the Physical Properties 

of ‘Wet’ Alginate Films 

7.1 Abstract 

 In this study, the physical properties of ‘wet’ alginate films gelled with various 

divalent cations (Ba2+, Ca2+, Mg2+, Sr2+ and Zn2+) were explored.  Additionally, the effect 

of adding NaCl to the alginate film forming solution prior to gelling was evaluated.  Aside 

from Mg2+, all of the divalent cations were able to produce workable ‘wet’ alginate films.  

Films gelled with BaCl2
 (without added NaCl) had the highest (P < 0.05) tensile strength 

and Young’s modulus while films gelled with CaCl2 (alone) had the highest (P < 0.05) 

puncture strength.  The Zn-alginate and Sr-alginate films had the highest (P < 0.05) 

elongation at break values.  Adding NaCl to the alginate film forming solution increased 

the viscosity of the solution.  Films with added NaCl were less transparent and had 

lower (P < 0.05) tensile strength, elongation and puncture strength than films formed 

without NaCl in the film forming solution.  ATR-FTIR results showed a slight shift in the 

asymmetric COO- vibrational peak of the alginate when the ‘wet’ alginate films were 

gelled with Zn2+.        

7.2 Introduction 

 Alginates are a family of polysaccharides derived from marine brown algae 

(Phaeophyceae) and also produced by some types of soil bacteria (Stephens, Phillips, 

& Williams, 2006).  One of the unique properties of alginates is their ability to gel in the 

presence of some polyvalent metal cations, most commonly calcium.  In the food 

industry, Ca-alginate gels have been used in restructured food products such as onion 

rings and edible coatings, while in the biotechnology field Ca-alginate gelled beads are 

used for immobilization of cells and enzymes (Rhim, 2004).  Recently, there has also 

been great interest in the use of alginate as a type of biodegradable packaging film 

(Rhim, 2004; da Silva, Bierhalz, & Kieckbusch, 2009).     

 Chemically, alginate is a linear copolymer of (1→4) β-D-mannuronic acid (M) and 

α-L-guluronic acid (G).  The M and G residues are arranged in homopolymeric 

sequences of either M or G residues, referred to as M or G blocks, which are 
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interspersed by MG alternating blocks.  The distribution of the residues as well as the 

proportion of M to G residues varies greatly with algae species (Fang et al., 2007).  

Calcium and some other polyvalent cations preferentially bind to the carboxylate groups 

in the G blocks.  Typically the ‘egg-box’ model has been used to explain the Ca-alginate 

junction zones however recent work has suggested that this is not the only possible 

structure for the junction zones (Li, Fang, Vreeker, Appelqvist, & Mendes, 2007).   

 Calcium is not the only divalent cation that is able to gel alginate.  Alginate gels 

can also be formed in the presence of barium, strontium, cobalt, zinc, copper, 

manganese and cadmium cations (Mørch, Donati, Strand, & Skjåk-Braek, 2006; 

Ouwerx, Velings, Mestdagh, & Axelos, 1998).  Typically magnesium ions are unable to 

gel alginate; however Mg-alginate gels have been formed by using higher 

concentrations of Mg2+ over longer periods of time (Topuz, Henke, Richtering, & Groll, 

2012).  Several studies have explored the relationship between the divalent gelling 

cation and the properties of the resulting alginate gels.  The effect of Ca2+, Ba2+, Sr2+, 

Mn2+, Co2+, Cu2+, Cd2+ and Zn2+ on alginate microbead properties has been studied 

(Chan, Jin, & Heng, 2002; Mørch et al., 2006; Ouwerx et al., 1998).  The influence of 

various gelling cations on the drug release from cast alginate films has also been 

explored (Al-Musa, Abu Fara, & Baldwin, 1999; Aslani and Kennedy 1996).  In the drug 

release studies, the alginate films were first cast and dried before being exposed to the 

various cations.  While it is expected that some similar trends will be observed, there is 

no information in the literature on the effect of various divalent cations on the ‘fast’ (in 

minutes) gelling of ‘wet’ alginate films.  ‘Wet’ in this context refers to films with around 

95 % moisture content.  These ‘wet’ alginate films have been studied as a model to 

understand co-extruded alginate sausage casings currently used by several 

manufacturers in the meat industry (Harper, Barbut, Lim, & Marcone, 2013).     

 Monovalent cations can also influence the gelling properties of alginate.  While 

Na+ is unable to gel alginate on its own, adding NaCl to both the gelling bath and 

polymer solution can increase the homogeneity of Ca-alginate gels  (Skjåk-Braek, 

Grasdalen, & Smidsrød, 1989).  Adding sodium ions to the polymer and gelling 

solutions also reduced the number of channels formed in alginate gels containing 
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cultured chondrocytes (Aydelotte, Thonar, Mollenhauer, & Flechtenmacher, 1998).  

However, the role of NaCl in the ‘fast’ gelling of ‘wet’ alginate films by various divalent 

cations has yet to be explored.  Information in this area is important since NaCl is a 

significant ingredient in many food products.  For example, when used as a co-extruded 

sausage casing, Ca-alginate gels are exposed to NaCl that is present in the sausage 

meat (usually at ~2 %).       

 Therefore, the objectives of the research were to determine the effect of various 

divalent cations (Ba2+, Ca2+, Mg2+, Sr2+, and Zn2+) on the physical properties of quickly 

gelled ‘wet’ alginate films.  Additionally, the influence of adding NaCl to the alginate 

solution prior to gelation with these cations was evaluated. 

7.3 Materials and Methods 

7.3.1 Preparation of Alginate Films 

 Alginate powder (GRINDSTED® Alginate FD 6965, Danisco USA Inc., 

Rochester, NY, USA) was mixed by hand (total mixing time 15 min) into 23 °C double 

deionized water with or without 0.47 M dissolved sodium chloride (Fisher Scientific, Fair 

Lawn, NJ, USA) to obtain 5 % (w/w) alginate solutions.  The viscous alginate solutions 

were placed in plastic bags and degassed by using a Multivac vacuum packager 

(Multivac Canada Inc., Woodbridge, ON, Canada) at 7.3 kPa for 25 s, then again at 7.3 

kPa for 50 and 75 s.  The solutions were then kept for an additional 2 h at 23 °C to 

assure full hydration. The films were produced by using a stainless steel roller with a 

recess of 0.34 mm to roll 1.5 g portions of the alginate solutions onto a stainless steel 

board covered with plastic film, as previously described by Harper et al. (2013).  The 

roller with the film on it was placed in a 0.47 M barium chloride (BaCl2), 0.47 M calcium 

chloride (CaCl2), 0.47 M magnesium chloride (MgCl2), 0.47 M strontium chloride (SrCl2) 

or 0.47 M zinc sulfate (ZnSO4) (Fisher Scientific) bath for 60 s in order to gel the film.  

After 60 s, all of the films were gelled and could be peeled off the roller with the 

exception of the MgCl2 films which did not even gel after being in the bath for an 

additional 30 min.  The films were kept in plastic wrap to prevent them drying out until 
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further testing.  The moisture content of the ‘wet’ films was determined by drying them 

(110 °C, 24 h) and calculating the % water. 

7.3.2 Viscosity of Alginate Solutions 

 The viscosity values of the alginate solutions prepared with and without added 

NaCl were measured at 21 °C by using a Brookfield Synchro-Electric Model HAT 

Viscometer (Brookfield, Middleboro, MA, USA) after the solutions had hydrated for a 

minimum of 2 h.  Measurements were taken once at 0.5, 1, 2.5, 5, 10, 20, 50 and 100 

rpm for each of the three trials. 

7.3.3 Film Thickness and Mechanical Properties 

 Three thickness measurements (top, centre and bottom) were taken on each of 

the films by using a digital micrometer (Testing Machines Inc., Islandia, NY, USA).  The 

average thickness for each film was used for tensile stress calculations.  A TA-XT2i 

texture analyzer (Texture Technologies Corporation, Scarsdale, NY, USA) was used to 

evaluate the tensile and puncture strength of the films.  For tensile testing, the films 

were cut into 75 mm x 25 mm strips (JDC Precision Sample Cutter, Thwang-Albert 

Instrument Company, Philadelphia, PA, USA) and tested according to the ASTM-D882 

(2010) standard tensile testing procedure.  The gripper distance was set at 50 mm, the 

trigger force at 8 g, the test speed at 2 mm/s and the test distance at 75 mm.  For 

puncture testing, a 5 mm ball probe was used to puncture the uncut films.  The trigger 

force was 5 g, the test speed was 10 mm/s and the test distance was 25 mm.  For both 

the tensile and puncture tests, six representative films were tested for every treatment in 

each of the three trials.  For each treatment, the average of the six measurements was 

taken for each of the three trials and used for statistical analysis. 

7.3.4 Optical Properties 

 A single beam USB 2000 Spectrophotometer (Ocean Optics Inc., Dunedin, FL, 

USA) was used to determine the visible light transmission (400-780 nm) of the films.  

The integration time was 25 ms, with 2 scans to average and a boxcar width of 4.  

Again, for every treatment six films were scanned in each individual trial.  The light 

transmission values of the films were averaged for each treatment.    
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7.3.5 ATIR-FTIR Spectroscopy Analysis 

      A FTIR spectrometer (IRPrestige-21, Shimadzu Corporation, Tokyo, Japan) 

equipped with an attenuated total reflection press (MIRacle™, Pike Technologies, 

Madison, WI, USA) was used to evaluate the infrared spectra of the alginate (no added 

NaCl) films gelled with 0.47 M BaCl2, CaCl2, SrCl2 or ZnSO4 solutions.  The double 

deionized water that was used to make the films as well as the alginate (no added 

NaCl) film forming solution was also scanned.  All samples were tested at 23 °C.  The 

data was collected from 600-4000 cm-1 with an average of 30 scans per sample and a 

resolution of 4 cm-1
.  The wavenumber of the peaks was determined by taking the 

second derivative of the original spectra by using Grams-32 spectral analysis software 

(Galactic Industries Corp., Salem, NH, USA).  All results were performed in triplicate. 

7.3.6 Experimental Design and Statistical Analysis 

 The design was a completely randomized block with 8 types of films and three 

independent trials.  The statistical analysis was performed by using SAS Version 9.2 

(SAS Inst., Cary, NC, USA).  A General Linear Model with film type and trial as fixed 

effects was used for the analysis of variance (ANOVA).  A Tukey’s multiple comparison 

analysis (P-value ≤ 0.05) was used to detect statistical significance between film type 

means. 

7.4 Results and Discussion 

 In this study, ‘wet’ alginate films were produced by using Ba2+, Ca2+, Mg2+, Sr2+, 

and Zn2+ as gelling agents.  Table 7.1 shows a breakdown of the film forming solutions 

and gelling cations used to produce the ‘wet’ films.  The physical properties of films 

made from alginate solution with and without added NaCl were compared.  With the 

exception of Mg2+, all of the cations were able to gel the alginate (with and without 

added NaCl) into a film after 1 min in the corresponding salt bath.  As mentioned 

previously, gelation of alginate with Mg2+ is possible but it is characterized by a slow 

gelation process and is highly dependent on length of the G blocks in the alginate 

(Topuz et al., 2012).  The moisture content of the films ranged from 85.9-91.3 %, with 

the Ba-alginate and Ca-alginate films (without added NaCl) having the significantly (P < 
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0.05) lowest and highest moisture contents, respectively (Table 1).  Aside from the 

calcium treated films, all of the films produced with NaCl were significantly (P < 0.05) 

thicker than their counterparts produced without NaCl (Table 7.1). 

 Adding 0.47 M NaCl to the alginate film forming solution greatly increased its 

viscosity (Figure 7.1).  Pamies and others (2010) reported a similar effect for non-dilute 

alginate solutions.  They found that increasing the ionic strength of a 1 % alginate 

solution from 0 to 0.1 M NaCl lowered the solution’s viscosity.  However, further 

increasing the ionic strength of the alginate solution to 0.2 and 0.4 M NaCl actually 

increased the viscosity of the alginate solution.  The initial decrease in viscosity was 

attributed to screening of the negative charges along the alginate chain by the 

monovalent cations, which decreased the electrostatic repulsion between the chains 

resulting in a more compact structure.  At higher ionic strengths, the authors suggested 

that the monovalent ions were able to form intermolecular junction zones between the 

chains, thereby increasing the viscosity of the solution.  Since the concentration of the 

added NaCl was quite high (0.47 M) in our work, it may be possible that junction zones 

formed between alginate chains.  It is also interesting to note that the alginate solution 

with added NaCl was more affected by shear thinning than the alginate solution without 

NaCl (Figure 7.1).  More intense shear thinning is expected when there are a higher 

number of interpolymer interactions that can be disrupted by shear flow (Pamies and 

others 2010).  Therefore, it would follow that the alginate with added NaCl likely had 

more interpolymer interactions than the alginate without added NaCl.    

 Differences in both the mechanical and optical properties were seen between the 

various ‘wet’ alginate films.  Alginate films gelled with Ba2+, without NaCl in the film 

forming solution, had the greatest tensile strength of all the films tested, followed by the 

films gelled with Sr2+ in the absence of NaCl (Figure 7.2).  Unlike the alginate films 

without NaCl, there were no significant differences (P > 0.05) in the tensile strengths of 

alginate films with NaCl gelled with Ba2+, Ca2+, Sr2+ or Zn2+.  However, all of the alginate 

films with added NaCl were significantly (P < 0.05) weaker than the alginate films 

without NaCl in the film forming solution (Figure 7.2).  In fact, the tensile strength of the 

Ba-alginate film was approximately three times higher than the Na-Ba-alginate film.  
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Similarly, the force and work to puncture the films with added NaCl were significantly (P 

< 0.05) less than to puncture the films without NaCl (Table 7.2).   

 Since sodium is a monovalent cation, it is unable to form polyanion-cation-

polyanion linkages between adjacent alginate chains.  Sodium may be able to form 

other linkages though.  In gellan gels, it has been suggested that sodium polyanion-

cation-water-cation-polyanion linkages between adjacent helices or other linkages 

formed by shielding the electrostatic repulsion of the carboxylate groups may be 

possible (Chandrasekaran, Puigjaner, Joyce, & Arnott, 1988; Moritaka et al., 1991).  

However, the binding forces of these alternate junctions should be weaker than 

polyanion-cation-polyanion junctions (Tang, Tung, & Zeng, 1996).  Sodium can compete 

with divalent cations for binding spots at the carboxylate site on the G residues, thereby 

influencing the ability of the divalent cations to form polyanion-cation-polyanion junction 

zones.  Fewer of these junctions can cause a weaker alginate gel (Ouwerx et al., 1998).  

This would explain why the alginate gels with added NaCl had lower tensile and 

puncture strength than the alginate gels without added NaCl.    

 The Young’s modulus followed a similar trend as the tensile strength of the films 

(Table 7.2).  The Ba-alginate film had the greatest stiffness value of 14.31 ± 1.95 MPa.  

This is in agreement with previous work which showed Ba-alginate gels to have higher 

Young’s modulus than Ca-alginate gels (Mørch et al., 2006; Ouwerx et al., 1998).  

Alginate’s affinity towards divalent cations has been reported to decrease in the 

following order: Pb2+>Cu2+>Cd2+>Ba2+>Sr2+>Ca2+>Co2+,Ni2+,Zn2+>Mn2+  (Smidsrød and 

Skjåk-Braek 1990; Mørch and others 2006).  The minimum length of a G block 

necessary for junction formation is said to decrease with increasing affinity of ions 

toward the alginate chain (Stokke, Smidsrød, Bruheim, & Skjåk-Braek, 1991).  

Therefore, it was suggested that replacing Ca2+ with Ba2+ resulted in greater efficiency 

of ion entrapment and the presence of shorter but more plentiful junctions which lead to 

a greater gel strength (Mørch et al., 2006).  High-G alginates gelled with Sr2+ were also 

reported to have greater Young’s modulus values than those gelled with Ca2+; however 

the same effect was not seen for high-M alginates (Mørch et al., 2006).  In the current 

work, no significant differences (P > 0.05) in Young’s modulus were observed between 
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the Sr-, Zn-, and Ca-alginate films (Table 7.2).  Chan et al. (2002) showed that alginate 

microspheres gelled with ZnSO4 were more rigid and less porous than spheres gelled 

with CaCl2.  However, the microspheres were dried in their experiment making it difficult 

to compare their results to those of the present study.  In the current study, with the 

exception of the Ca-alginate films, all of the alginate films without added NaCl were 

stiffer than their corresponding films with NaCl.     

 Tang et al. (1996) suggested that cation size may influence the strength of gellan 

gels.  They argued that since Ca2+ is approximately 1.5 times larger than Mg2+, Ca2+ 

might provide stonger binding forces at junction zones thereby creating stronger gels 

than with Mg2+.  These researchers also found that at maximum gel strength, gellan 

gelled with the larger potassium ions produced stronger gels than gellan gelled with 

smaller sodium ions (Tang et al., 1996).  Applying these findings to the present study on 

‘wet’ alginate films, it would be expected, on the basis of ionic radii (Table 7.1), that Ba2+ 

should form the strongest gels followed by Sr2+, Ca2+, Zn2+ and Mg2+.  Generally, the 

Young’s modulus data of the films without NaCl supported this theory.  On the other 

hand, the puncture data suggested that the Ca-alginate films were the strongest with 

force and work to puncture values of 5.62 ± 0.16 N and 35.6 ± 2.1 N mm respectively 

(Table 7.2).   

 The type of gelling cation used also influenced the elongation of the ‘wet’ alginate 

films (Table 7.2).  In this case the Zn- and Sr-alginate films had the greatest % 

elongation at break (% EAB) values of 124.7 ± 9.0 % and 118.9 ± 5.7 %, respectively.  

Additionally the Zn-alginate films had the greatest distance to puncture value of 19.0 ± 

0.9 mm.  Films with added NaCl in their film forming solution had lower (P < 0.05) % 

EAB and puncture distance values than those without added NaCl (Table 7.2).  Again, 

this is likely a result of sodium ions competing with the divalent cations causing a 

decrease in the number of junction zones.  Theoretically a decrease in the number of 

junction zones could result in a less rigid film; however a critical number of junction 

zones are still needed to produce a coherent film.   

 The visible light transmission data  (Figure 7.3) show that  in all cases ‘wet’ 

alginate films produced with added NaCl were less transparent than those produced 
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without NaCl.  Visually, the films produced with NaCl were a whitish colour while the 

films produced without NaCl appeared transparent.  The whitish colour and lower 

transmission values might be the result of light scattering caused by excess salt in the 

films.   

 Since the divalent cations are known to interact with the carboxylate groups in 

the alginate, ATR-FTIR scans were taken to examine if there was a shift in the 

carboxylate peaks when various gelling cations were used.  While the scans were taken 

from 4000-600 cm-1, only the 1850-900 cm-1 range has been shown in Figure 7.4 as this 

is the range where the characteristic alginate peaks were seen.  Only the ‘wet’ alginate 

films produced without added NaCl were scanned in order to highlight any peak shifts 

caused by the divalent cations without potential confounding effects of the added 

sodium.  As the films were approximately 95 % water, the double deionized water that 

was used to produce the films was also scanned.  Additionally, the ungelled alginate 

solution (without any added cations) was scanned.   

 In the IR spectrum, the two absorbance bands associated with the asymmetic 

and symmetric stretching vibration of the COO- groups of alginate occur at 1622-1596 

cm-1 and 1422-1404 cm-1 ranges (Jaya, Durance, & Wang, 2009; Mohamadnia et al., 

2007; Papageorgiou et al., 2010; Paşcalău et al., 2012; Sarmento, Ferreira, Veiga, & 

Ribeiro, 2006).  In this study the symmetric carboxylate stretching vibration peak 

occured between 1418-1413 cm-1 for the various ‘wet’ alginate films (Figure 7.4).  There 

were two peaks in the 1600 cm-1 range, one at 1634-1632 cm-1 and the other at 1594-

1585 cm-1 (Figure 7.4).  Since only the first peak was visible in the water spectra, it has 

been attributed to the water in the film while the second peak has been assigned to the 

asymmetric stretching vibration of the COO- in the alginate.  Jaya et al. (2009) have also 

reported alginate absorption bands around 1320 cm-1 (C-O stretching), 1120 cm-1 (C-C 

stretching), 1090 cm-1 (C-O stretching), 1020 cm-1 (C-O-C stretching) and 950 cm-1 (C-

O stretching) which they attribute to its saccharide structure.  In this study, there were 

no absorption peaks observed near 1320 cm-1.  Peaks of lower intensity may have been 

masked by the large proportion of water in the films.  Additionally an extra peak around 

990 cm-1 was observed in the ‘wet’ alginate films.   
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 The symmetric stretching vibration peak of the COO- in the alginate film forming 

solution occurred at 1414 cm-1 (Figure 7.4b).  No significant peak shifts in the symmetric 

COO- vibrational peak occurred when the alginate was gelled with any of the divalent 

cations (Figures 7.4c-f).  However, when the alginate film forming solution was gelled 

with zinc, the asymmetric COO- vibrational peak shifted from 1593 cm-1 (Figure 7.4b) to 

1585 cm-1 (Figure 7.4f). Theoretically a lower wavenumber indicates less 

mobility/vibration of covalent bonds.  Papageorgiou et al. (2010) reported a shift of the 

asymmetric peak to lower energies (wavenumbers) when both Zn2+ and Ca2+ were used 

to gel sodium alginate.  Additionally, they reported a shift of the symmetric peak to a 

higher wavenumber when sodium alginate was gelled with Ca2+ (Papageorgiou et al., 

2010).  However, the gelled alginate beads in their study were dried and powdered prior 

to testing which may explain the differences between their results and those of the 

present study.  It is important to realize that many other factors influence the affinity of a 

certain metal cation with a polymer network besides its interaction with one functional 

group.  Some of these factors include ionization potential, ionic charge, mass and radius 

of the metal ion, participation of inner orbitals in metal-ligand binding, interaction with 

adjacent hydroxyl groups/coordination number and covalent bonding (Papageorgiou et 

al., 2010). 

7.5 Conclusions 

 This study was the first to explore the effect of gelling cation and added NaCl on 

the physical properties of ‘wet’ alginate films.  All of the divalent cations were able to 

produce workable ‘wet’ alginate films with the exception of Mg2+.  The type of gelling 

cation used to gel 5 % ‘wet’ alginate films did significantly (P < 0.05) influence the 

mechanical properties of the films.  It should be noted that while Ba2+ produced strong 

alginate films, at concentrations greater than 5-10 mM it is known to be an inhibitor of 

potassium channels in biomembranes and thus its use in foods is limited (Mørch et al., 

2006).  Understanding how the various cations influence the mechanical properties of 

‘wet’ alginate films is important when determining potential applications for the films.  It 

also gives insight into ways to better optimize the production and use of such films.    
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 Adding 0.47 M NaCl to the alginate film forming solution increased the viscosity 

of the solution but resulted in less transparent films with decreased tensile and puncture 

strength as well as lower elongation values.  Realizing how Na+ influences gelation of 

alginate with divalent cations is also relevant when considering potential applications for 

‘wet’ alginate films.  In food applications, these interactions are important as NaCl is an 

important ingredient in many food products (i.e., in sausages it is usually present at ~2 

%).  ATR-FTIR results showed that the asymmetric COO- vibrational peak of the 

alginate shifted to a lower wavenumber when the solution was gelled with Zn2+.        
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Table 7.1 Film forming solutions and gelling cations used to produce ‘wet’ alginate films   

Treatment Film Forming Solution Gelling 
Cation 

Ionic radii
a
 

(pm) 
Film Thickness 

(mm) 
Film Moisture 
Content (%) 

Ba 5 % Alginate
 

0.47 M Ba
2+ 

136 0.105 ± 0.003
c
 85.9 ± 1.2

e 
 

Ca 5 % Alginate
 

0.47 M Ca
2+ 

100 0.149 ± 0.004
a
 91.3 ± 0.2

a
 

Mg 5 % Alginate 0.47 M Mg
2+ 

72 n/a n/a 
Sr 5 % Alginate

 
0.47 M Sr

2+ 
116 0.127 ± 0.003

b
 89.2 ± 1.2

b,c
 

Zn 5 % Alginate
 

0.47 M Zn
2+ 

75 0.092 ± 0.001
d
 88.1 ± 0.9

c,d
 

Na-Ba 5 % Alginate + 0.47 M NaCl
 

0.47 M Ba
2+ 

136 0.128 ± 0.001
b
 86.6 ± 0.7

d,e
 

Na-Ca 5 % Alginate + 0.47 M NaCl
 

0.47 M Ca
2+ 

100 0.143 ± 0.002
a
 90.1 ± 0.6

a,b
 

Na-Mg 5 % Alginate + 0.47 M NaCl 0.47 M Mg
2+ 

72 n/a n/a 
Na-Sr 5 % Alginate + 0.47 M NaCl

 
0.47 M Sr

2+ 
116 0.144 ± 0.002

a
 88.7 ± 0.5

b,c
 

Na-Zn 5 % Alginate + 0.47 M NaCl
 

0.47 M Zn
2+ 

75 0.111 ± 0.005
c
 88.5 ± 0.3

b,c
 

a
 Ouwerx et al. (1998); Shannon & Prewitt (1968)   
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Figure 7.1 Effect of 0.47M NaCl addition on the viscosity of the 5 % alginate film forming solution at 
different shear rates (n = 3)    
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Figure 7.2 Tensile strength of ‘wet’ films made from 5 % alginate solution with and without 0.47 M added 
NaCl gelled in 0.47 M BaCl2, SrCl2, ZnSO4 or CaCl2 bath for 1 minute 
a-d

 bars with different letters show significant differences (P < 0.05) between means (n = 18)  
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Table 7.2 Effect of Na addition and gelling cation on the mechanical properties of ‘wet’ alginate films   

Treatment Force to 
Puncture (N) 

Distance to 
Puncture 
(mm) 

Work to 
Puncture   
(N mm) 

% Elongation 
at Break  

Young’s Modulus 
(MPa) 

Ba 4.61 ± 0.18
b 

12.0 ± 0.4
d 

21.9 ± 1.2
c 

  86.0 ± 3.5
c 

14.31 ± 1.95
a 

Ca 5.62 ± 0.16
a 

17.0 ± 0.3
b 

35.6 ± 2.1
a 

100.2 ± 1.3
b 

  4.24 ± 0.11
c,d 

Sr 3.62 ± 0.20
c 

14.5 ± 0.4
c 

21.2 ± 1.7
c 

118.9 ± 5.7
a 

  5.84 ± 0.49
b,c 

Zn 3.59 ± 0.30
c 

19.0 ± 0.9
a 

27.8 ± 3.1
b 

124.7 ± 9.0
a 

  3.99 ± 0.21
c,d 

Na-Ba 1.59 ± 0.18
d,e 

  7.7 ± 0.6
f 

  5.0 ± 0.8
d 

  55.7 ± 0.9
e 

  7.52 ± 0.52
b 

Na-Ca 1.88 ± 0.20
d 

10.1 ± 0.6
e 

  7.4 ± 1.2
d 

  67.8 ± 1.1
d,e 

  3.18 ± 0.14
d 

Na-Sr 1.72 ± 0.15
d 

10.7 ± 0.7
d,e 

  7.3 ± 1.1
d 

  71.9 ± 5.1
d 

  3.46 ± 0.56
d 

Na-Zn 1.11 ± 0.07
e 

10.2 ± 0.3
e 

  4.8 ± 0.4
d 

  68.6 ± 1.5
d,e 

  2.24 ± 0.23
d 

Means ± standard deviation, 
a-f

 show significant differences (P < 0.05) between means (n = 18)  
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Figure 7.3 Visible light transmission (n = 18) of ‘wet’ films made from 5 % alginate solution with and 
without 0.47 M added NaCl gelled in a 0.47 M BaCl2 (Ba), SrCl2 (Sr), ZnSO4 (Zn) or CaCl2 (Ca) bath for 1 
min  
Na- represents films made from alginate with added NaCl  
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Figure 7.4 ATR-FTIR spectra in the 1850-900 cm
-1

 range of (a) double deionized water; (b) 5 wt.%. 
alginate film forming solution (without added NaCl); and ‘wet’ alginate films gelled in a 0.47 M BaCl2 (c); 
CaCl2 (d); SrCl2 (e); or ZnSO4 (f) bath for 1 min   
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Chapter 8 Conclusions & Recommendations 

 The overall objective of the research was to develop an understanding of the 

interactions within ‘wet’ alginate film formation used for in-line food processing.  The first 

part of the research focused on how the addition of various proteins (gelatin, soy, 

heated and unheated whey protein) and carbohydrates (iota- and kappa- carrageenan, 

low methoxyl pectin, modified and unmodified potato starch, gellan gum, and 

commercial or extracted cellulose) influenced the mechanical and microstructural 

properties of ‘wet’ alginate films.  All of the proteins and carbohydrates were able to 

form ‘wet’ composite films with the alginate at the tested concentrations.  However, their 

influence on the mechanical properties of the ‘wet’ alginate films varied.  Adding gelatin, 

soy protein isolate, whey protein isolate (heated or unheated), modified potato starch, or 

cellulose (extracted or commercial) decreased (P < 0.05) the puncture strength of the 

films.  It was suggested that these ingredients may be interrupting the alginate structure, 

thereby creating a weaker film.  On the other hand, adding low methoxl pectin, iota- or 

kappa-carrageenan, or modified potato starch increased (P < 0.05) the tensile 

elongation of the films.  Thus it appears that the mechanical properties of ‘wet’ alginate 

films can be modified by adding various proteins and carbohydrates to them.  However, 

it is important to realize that these effects are likely concentration dependent.   

 The second part of the research focused on how drying the ‘wet’ alginate films 

affected their physical properties.  As expected, water played a critical role in 

determining the mechanical properties of the alginate films.  The dried alginate films 

(conditioned at both 57 % and 100 % RH) had greater puncture force and tensile 

strength but lower puncture distance and elongation values than their corresponding 

‘wet’ films.  Differences (P < 0.05) in mechanical properties were also observed 

between the dried films conditioned at 57 % and 100 % RH.  These differences were 

attributed to the plasticizing effect of water in the films.  Peak shifts in the FTIR spectra 

were also observed when the alginate, alginate-pectin, and alginate-kappa carrageenan 

‘wet’ films were dried.  Overall, the addition of glycerol to the dried alginate and alginate-

composite films had very few effects on their mechanical properties, suggesting that 
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water played a more important role than glycerol as a plasticizer in the dried films.   

Although both pectin and kappa-carrageenan increased (P < 0.05) the elongation of 

‘wet’ alginate films, they did not influence (P > 0.05) the elongation of dried alginate 

films.  This suggests that inferences on the behaviour of dried alginate composite films 

cannot necessarily be drawn from the results of corresponding ‘wet’ alginate film testing 

and vice versa.   

 The third part of the research investigated how the type of gelling cation (Ba2+, 

Ca2+, Mg2+, Sr2+, and Zn2+) and the presence of added Na+ in the film forming solution 

influenced the physical properties of the ‘wet’ alginate films.  With the exception of Mg2+, 

all of the tested divalent cations were able to produce workable ‘wet’ alginate films.  

Overall the films produced without added Na+ in the film forming solution were more 

transparent and had greater (P < 0.05) tensile strength, elongation, and puncture 

strength values.  Of the films produced without added Na+, films gelled with Ba2+ had 

the greatest (P < 0.05) tensile strength, films gelled with Ca2+ had the greatest (P < 

0.05) puncture force and work values, and films gelled with Zn2+ and Sr2+ had the 

greatest (P < 0.05) elongation values.  Thus, it appears that the type of gelling cation 

used can also influence the mechanical properties of ‘wet’ alginate films.  However, it 

should be noted that not all the divalent cations tested are safe to use in foods (e.g., 

Ba2+ at concentrations greater than 5-10 mM).  Additionally, the research demonstrates 

that adding monovalent cations, such as Na+, to the alginate solution can influence the 

properties of the resulting ‘wet’ alginate films gelled with various divalent cations.               

 Moving forward, it would be interesting to see how some of the composite ‘wet’ 

alginate films behave on a food product such as sausage, where there is a possibility for 

interactions between the alginate film and the meat.  Additionally, it would be interesting 

to see how various processing parameters influence the properties of the ‘wet’ alginate 

films.  Specifically, in the co-extrusion process, how the extrusion speed, gelling 

conditions (i.e., time in the bath, concentration of calcium), and other processes (i.e., 

smoking, cooking) influence the ‘wet’ alginate films.         
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Appendix A 

 

 
Figure A1. Adaptation of Figure 3.4 (Effect of protein addition on the viscosity of the alginate film forming 

solutions (n = 3)) using shear rate as the independent variable instead of RPM. 
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Appendix B  

Determination of the M and G Composition of the Alginate 
 
1. Materials and Methods 

 The M and G composition of the alginate (GRINDSTED® Alginate FD 6965, 

Danisco USA Inc., Rochester, NY, USA) was determined according to the methods 

published by Grasdalen, Larsen, & Smidsrød (1979), with some minor modifications.  

100 mg of the alginate powder was dissolved in 40 mL of distilled water.  The pH of the 

solution was adjusted to 3.0 using 0.1 M HCl and the solution was heated at 100 °C for 

30 minutes.  Following heating, the alginate solution was neutralized to pH 7.0 using 0.1 

M NaOH.  The partially hydrolyzed alginate sample was recovered by freeze-drying.  20 

mg of the recovered alginate sample was dissolved in 2 mL of deuterium oxide (D2O) 

and the solution was then freeze-dried against three changes of D2O.  Following the 

final freeze-drying treatment, the alginate sample was re-dissolved in 2 mL of D2O and 

passed through a nylon syringe filter (pore size 0.45 µm).  0.6 mL of the filtrate was 

transferred to a regular 5 mm NMR tube.  1D 1H NMR spectra were run on a Bruker 

Ultra-ShieldTM 600 MHz spectrometer (Bruker Co., Germany).  Trimethylsilyl propionate 

(TSP) was added to the alginate sample as an internal reference.  Scans were taken 

both at 30 °C and 60 °C in order to shift the solvent peak away from the sample peaks.  

In each case, 100 scans were taken.  Assignment of the peaks was based on the work 

by Grasdalen et al. (1979) and Grasdalen (1983).  The integrals of the peaks at 4.95-

5.15 ppm, 4.60-4.82 ppm, and 4.37-4.55 (Intensity A, B, and C, respectively) were 

taken.  The following equations were used to determine the M/G ratio, the composition 

of monomers (FG and FM), and diad frequencies (FGG, FGM, FMG, and FMM) of the alginate 

sample. 

  FG = Intensity A/(Intensity B + Intensity C) 

  FM = 1 - FG 

  M/G = (1 - FG)/FG 
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  FGG = Intensity C/(Intensity B + Intensity C) 

  FGG + FGM = FG 

  FMM + FMG = FM 

  FMG = FGM             

2. Results  

 The M/G ratio of the partially hydrated Grindsted® Alginate FD 6965 sample was 

0.52 (Table 1).  The η of the alginate sample was 1.11 (Table 1) suggesting that the G 

and M residues tended to have an alternate-like distribution along the chain (Grasdalen 

et al., 1979).        

Table 1 M/G ratio, monomer composition, and diad frequencies of Grindsted® Alginate FD 6965  

 
M/G 

Monomer Composition Diad Frequencies  
η 

FM FG FMM FGG FGM FMG 

0.52 0.34 0.66 0.09 0.41 0.25 0.25 1.11 

Note- η = FGM / (FG ∙ FM); Block distribution: 0<η< 1; Completely random distribution: η = 1; Alternate-like 

distribution: 1<η<2 (Grasdalen et al., 1979).   
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Appendix C 

Research Note:  
A textural comparison of sausages in co-extruded alginate casings 

and a manufactured collagen casing over two weeks of storage 
 

1. Abstract 

 The textural properties of raw and cooked commercial sausages, two produced 

in co-extruded alginate casings and one in a manufactured collagen casing, were tested 

0, 1 and 2 weeks after they were produced.  It took more (P < 0.05) force to shear the 

raw sausages lengthwise on week 2 than it did on week 1.  Contrarily, the force required 

to shear the cooked sausages lengthwise did not change significantly (P > 0.05) over 

time.  For both raw and cooked sausages, it took greater (P < 0.05) force, distance and 

work to shear sausages in manufactured collagen casings than sausages in co-

extruded alginate casings.  For the sausages in alginate casings (both raw and cooked), 

it took greater (P < 0.05) force, distance and work to shear them widthwise than 

lengthwise.  Light micrographs taken using polarized light showed birefringent fibers in 

the manufactured collagen casings.  Birefringent material (thought to be cellulose) was 

also observed in the co-extruded alginate casings. 

2. Introduction 

 Sausage casings are an essential part of the sausage.  Not only do they serve as 

a means to ensure the desired size and shape of the sausage, but they also aid in the 

conversion of meat batter into the desired sausage product (Savic & Savic, 2002).  

Traditionally, natural casings (beef, sheep and hog intestines) have been used.  These 

natural casings, which are characterized by their tenderness and high permeability to 

both moisture and smoke, still play an important role in the sausage casing industry.  

However, other types of casings; including manufactured collagen, cellulose, plastic, 

and co-extruded casings, are also now used in the industry (Savic & Savic, 2002).  Of 

the sausage meat stuffed into edible casings, it is estimated that 80% of it is stuffed into 

collagen casings (Amin & Ustunol, 2007).  Manufactured collagen casings offer several 
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advantages over their natural counterparts.  Primarily, they are more uniform in size, 

strength, and flexibility than natural casings which facilitate the use of higher fill 

pressure and fast stuffing machines (Kutas, 1987; Savic & Savic, 2002).  Additionally, 

manufactured collagen casings produce a cleaner, more sanitary product than natural 

casings (Kutas, 1987).  However, both manufactured collagen and natural casings are 

of a finite length and thus sausage stuffing remains a batch process. 

 Recently, some sausage manufacturers have moved to a continuous co-

extrusion process for sausage production.  Moving from a batch to a continuous 

sausage operation allows manufacturers to increase their production volumes (Smits, 

1985).  The speed and uniformity of the co-extrusion process also makes it appealing to 

meat processors (Bontjer, Kuijpers & Van Den Berg, 2011). With fewer people handling 

the product during processing, there is a lower risk of microbial contamination compared 

to traditional batch operations.  In the co-extrusion process, a thin layer of the casing 

material (collagen, alginate or a collagen-alginate hybrid) is extruded onto the sausage 

meat as it is being extruded from the stuffer.  When collagen is used, the collagen fibers 

are orientated into a woven structure by counter-rotating concentric cones on the 

extruder (Ustunol, 2009).  Other additives, such as, cellulose or potato starch, may also 

be added to the casing to improve its functionality.  Immediately after extrusion, the 

coated sausages are exposed to a brine solution.  The sausages in alginate casings go 

through a calcium chloride bath to quickly gel the casings.  Alternatively, the sausages 

in collagen casings are either drenched or sprayed with NaCl solution to dehydrate and 

harden the casing (Visser, 2012).  Following dehydration, liquid smoke (mainly the 

aldehyde component) is used to form protein-protein cross-links in the collagen casings.   

 Although the co-extrusion process has been adopted by several North American 

and European companies, little research has been published on these casings in the 

scientific literature.  However, there has been some suggestion that co-extruded 

alginate casings lose their strength over the course of time (Nielson & Wells, 2009).  

The purpose of the current work was to compare the shear properties of three 

commercial sausage products (two co-extruded with alginate casings and one in a 

manufactured collagen casing) in their raw and cooked states 0, 1 and 2 weeks after 
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they were manufactured.  Understanding how the shear properties of the sausages 

change over time is an important consideration for the shelf life of the products.  Gaining 

insight into the interactions with the casings and between the meat and the casing can 

shed light on ways to extend/maintain the desired shelf life of these products.   

3. Materials and Methods 

3.1 Sausage Products 

 Three commercial sausage products were generously donated by a large 

commercial sausage company.  Two of the products; Alginate 1 (average diameter 18 

mm, average length 110 mm) and Alginate 2 (average diameter 21 mm, average length 

125 mm) were made with co-extruded alginate casings.  The first sausage product with 

an alginate casing (Alginate 1) was a finely ground pure pork breakfast sausage.  The 

second product with an alginate casing (Alginate 2) was a red, more coarsely ground 

fresh pork sausage.  According to the ingredient labels the alginate casings contained 

calcium alginate, cellulose fibers and potato starch.  The third product (average 

diameter 20 mm, average length 115 mm) had a similar meat batter as used for 

Alginate 1 but was stuffed into a manufactured collagen casing.  All sausages were 

stored at 4 0C during the study.              

3.2 Shear Testing of the Sausages 

 Shear tests were performed on the raw sausages the day they were received, 

one week, and two weeks later (week 0, 1, and 2, respectively).  On each sampling day 

the raw sausages were tested, a few of each type of sausage were cooked to an 

internal temperature of 72 0C in a water bath (Model W26, Haake, Berlin, Germany).  

The cooked sausages were then cooled in polyethylene bags at 4 0C overnight.  Shear 

tests on the cooked sausages were performed the day after the sausages were cooked.  

A 9 mm craft knife was used to shear both the raw and cooked sausages lengthwise 

(i.e., along the long axis of the sausage) and widthwise (i.e., along the short axis of the 

sausage).  In order to facilitate shearing of the sausages in the manufactured collagen 

casings, the ends of the sausages were tied shut.  Despite this effort to increase the 

internal pressure of meat on the casing, sausages in the manufactured collagen casings 
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could not be sheared widthwise using the testing parameters outlined below.  All of the 

sausages were tested using a texture analyzer (Model TA.XT2, Texture Technologies 

Corp., Scarsdale, NY, USA) with the crosshead speed set at 1.5 mm/s, the trigger force 

at 0.05 N and the penetration depth at 15 mm.  The force (N), distance (mm) and work 

(N mm) to shear the sausages were determined from the generated force-distance 

graph.  For each of the three sausage types, a total of six measurements were taken 

lengthwise on each of the three testing days.  For the sausages in alginate casings, six 

widthwise measurements were also taken on each of the three testing days.  The 

average of the six measurements for was used for statistical analysis.  The experiment 

was repeated twice with sausages made on different production dates.   

3.3 Thickness and Shear Testing of the Casings 

   In one of the trials, the casings were carefully removed from the raw and cooked 

sausages.  After gently rinsing the casings (to remove any pieces of meat that were 

stuck to the casings), the thickness was measured using a digital micrometer (Testing 

Machines Inc., Islandia, NY, USA).  In a preliminary trial, shear tests were also 

conducted on the raw and cooked co-extruded alginate and manufactured collagen 

casings.  The casings were sheared both lengthwise and widthwise using the protocol 

described above.              

3.4 Light Microscopy 

 Cross sections of the rinsed casings were prefixed in 10% neutral buffered 

formalin for 10 h at room temperature and subsequently dehydrated in a graded 

isopropanol series; 70% for 1 h, 95% overnight, and finally 100% for 1 h.  In order to 

prevent calcium migration from the alginate casings into the formalin or 70% and 95% 

isopropanol solutions, calcium chloride was added to these solutions at a concentration 

of 5 wt.% in the aqueous phase.  Following xylene dehydration, the samples were 

embedded in paraffin and cut into 4-6 µm sections.  Periodic-acid Schiff (PAS) stain was 

used to stain the alginate casings, while Hematoxylin & Eosin stain was used for the 

collagen casings.  An Olympus BX 60 Transmitted Reflected Light Microscope 

(Olympus Corporation, Centre Valley, PA, USA) was used to visualize the samples and 
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representative images were taken (Image Pro Plus software, Version 4.0, Media 

Cybernetics, Inc., Bethesda, MD, USA).            

3.5 Statistical Analysis 

 The statistical analysis (the mixed procedure, SAS Version 9.3, SAS Inst., Cary, 

NC, USA) was performed separately on raw and cooked sausage data.  Logarithmic 

transformations were used on the force, distance and work values to stabilize variances.   

Prior to each analysis, Brown & Forsythe tests were used to compare the variances of 

sausage type groups and storage week groups.  No significant differences were found 

among any of the groups.  A mixed linear model with treatment (sausage type), storage 

time (0, 1, 2 weeks), and their interaction as fixed effects and trial as a random effect 

was used to compare the treatment and storage time means of the sausages sheared 

lengthwise.  Two orthogonal contrasts were used to compare the means of sausages in 

alginate vs. collagen casings and between the two sausages in alginate casings (i.e., 

Alginate 1 vs. Alginate 2).  Orthogonal contrasts were also used to compare the means 

of sausages stored for 0 weeks vs. the average of those stored for 1 and 2 weeks, and 

between sausages stored for 1 week vs. 2 weeks.  Interactions of these contrasts were 

also used to detect differences in any trends over time among the three sausage types.   

Separate analyses were done to compare the means of the sausages in the alginate 

casings (Alginate 1 & 2) sheared lengthwise vs. widthwise for cooked and raw meat.  

Brown & Forsythe tests were used to compare the variances of cut type groups prior to 

analysis and a significant difference was found for the cooked meat.  Again, a mixed 

linear model was used with treatment (sausage type), storage time, cut type (shear 

direction), and all interactions among these as fixed effects, and trial as a random effect.  

The analysis of cooked meat also accounted for different residual variances in the cut 

type groups.      
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4. Results & Discussion 

4.1 Shear of Raw Sausages 

 There were significant differences among the sausage types (P < 0.05) in the 

force, distance, and work required to shear the raw sausages.  There were also 

significant differences among storage times in the force (P < 0.05), but not in the work 

or distance required to shear raw sausages.  There were no indications of interactions 

between the sausage types and storage time for the force, distance or work to shear.      

 Figure 1A shows the force to shear the raw sausages lengthwise 0, 1 and 2 

weeks after their production.  There were significant differences (P < 0.05) in the force 

needed to shear the raw sausages on weeks 1 and 2 and also between week 0 and the 

average force of weeks 1 & 2.  This indicated that as the raw sausages aged, more 

force was needed to shear them.  Nielsen and Wells (2009) stated that many co-

extruded alginate casings actually get weaker over time.  They suggested that this may 

be due to the sodium and phosphates from the meat migrating into the casing causing 

the removal of calcium ions (from the casing) which leads to a weakening of the Ca-

alginate gel.  Following this argument, it would be expected that less force would be 

needed to shear the co-extruded alginate casings on week 2 than week 0.  In 

preliminary work (data not shown), there appeared to be no changes in the force 

needed to shear the raw alginate or collagen casings over time.  According to the 

product labels, calcium lactate was added into the meat formulations for both of the 

products in alginate casings.  Its presence probably prevented migration of calcium ions 

from the casings into the meat, limiting the weakening of the alginate casings over time.  

Therefore, it appears that changes in the sausage meat formulation rather than the 

casing were responsible for the increased force needed to shear the raw sausages as 

they aged.  However, more work is needed to confirm this hypothesis.          

 There were also significant differences (P < 0.05) in the force (Figure 1A), 

distance and work (Table 1) needed to shear the raw sausages in the two casing types.  

Overall, the force, distance and work to shear the raw sausages in collagen casings 

were greater (P < 0.05) than to shear the raw sausages in alginate casings.  Similarly, in 
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preliminary work (data not shown) it took more force and work to shear raw collagen 

casings than it did to shear raw alginate casings.  These results indicate that the raw 

manufactured collagen casings were stronger than the raw co-extruded alginate 

casings.  However, it is important to realize that manufactured collagen casings come in 

a variety of strengths (Harper, Barbut, Lim, & Marcone, 2012).  There were also 

significant differences (P < 0.05) in the distance and work to shear the two raw 

sausages in alginate casings (Table 1).  The distance and work to shear Alginate 2 

sausages were greater (P < 0.05) than to shear Alginate 1 sausages.  This is likely due 

to the different meat formulations of the two sausages (i.e., Alginate 2 sausage meat 

had a courser grind than Alginate 1 sausage meat). 

 In our previous work we found that it took more force, distance, and work to 

shear raw sausages stuffed in manufactured collagen and sheep casings widthwise 

than lengthwise (Harper et al., 2012).  Similar to previous results, the force, distance 

and work to shear raw sausages in alginate casings widthwise (Table 2) was 

significantly greater (P < 0.05) than to shear them lengthwise.  Unlike the results of 

previous work, a similar trend was also observed for the cooked sausages in alginate 

casings (Table 2).  It is unclear whether the differences in shear properties with shear 

direction were a result of the alginate casings themselves or another factor (i.e., flow of 

the meat into the casing).  Further testing of the casings themselves is necessary to 

better understand this phenomenon.  Overall, no significant interactions (P > 0.05) were 

found between the treatment (sausage type), storage time, and cut type (shear 

direction) for either the raw or cooked sausages.   

4.2 Shear of Cooked Sausages 

 Contrary to the raw sausages, the force required to shear the cooked sausages 

did not change significantly (P > 0.05) over time (Figure 1B).  This suggests that any 

‘hardening’ of the raw sausages over time became irrelevant once the meat was cooked 

and formed a cohesive meat gel network.  Therefore, consumers would likely not detect 

a difference in cooked sausage texture in the two weeks following sausage production.  

However, there were differences (P < 0.05) in the shear properties of the cooked 
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sausages in the alginate and collagen casings.  Similar to the raw sausages, it took 

greater (P < 0.05) force (Figure 1B), distance, and work (Table 1) to shear cooked 

sausages in collagen casings than in alginate casings.  Further work is required to 

determine whether it is actually differences in the cooked casings, cooked meat, or 

interactions between the two that caused the differences in shear between the cooked 

sausages in manufactured collagen and co-extruded alginate casings.    

 There were also differences (P < 0.05) in the force required to shear the two 

cooked sausages in alginate casings.  It took more force to shear Alginate 2 cooked 

sausages than Alginate 1 cooked sausages (Figure 1B).  Again, this is likely due to the 

differences in the size of the meat particles of the two sausages.  Although no statistical 

comparisons were made between the raw and cooked sausages, it appeared that the 

distance and work to shear cooked sausages was less than to shear their raw 

counterparts.  Our previous work on sausages in sheep and manufactured collagen 

casings also found that the distance to shear cooked sausages was less than to shear 

raw sausages (Harper et al., 2012).   

4.3 Microstructure of Raw Casings 

 Figure 2 shows light micrographs of raw co-extruded alginate (a & b) and 

manufactured collagen casings (c & d).  The manufactured collagen casings looked 

similar to those published by Barbut (2010).  Intact fibers were visible in the collagen 

casings.  The fibers were seen more clearly under polarized light (Figure 2d) as they 

exhibited birefringence.  The number of collagen fibers can vary with the type of 

manufactured collagen casing (Barbut, 2010).  Collagen fibers are known to enhance 

the strength of the casings.  Manufacturers can also add cellulose fibers to the collagen 

casings to further increase their strength (Savic & Savic, 2002).  Since both collagen 

and cellulose fibers show birefringence under polarized light, we were unable to 

distinguish between collagen and cellulose fibers in the casings.  Specific staining of the 

cellulose fibers would allow differentiation between the two.  In the co-extruded alginate 

casing micrographs (Figures 2a & 2b) the darker pink regions represent the continuous 

alginate matrix stained with PAS.  Within the alginate matrix clumps of lighter pink 
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material can be seen.  These lighter pink areas also exhibited birefringence under 

polarized light (Figure 2b).  From the ingredient label, it is known that the alginate 

casings have both potato starch and cellulose in them.  Under polarized light, 

ungelatinized starch also exhibits birefringence which is observed as a Maltese cross.  

Since no Maltese cross effect was observed in Figure 2b, it is suspected that the 

birefringent material in the co-extruded alginate casing was cellulose. 

5. Conclusions 

 The results showed that while the raw sausages appeared to ‘harden’ in the two 

weeks after their production, there was no significant (P > 0.05) change in the shear 

properties of the cooked sausages during this time.  This is an important observation 

since these types of sausages typically have a shelf life of around two weeks.  

Differences in the shear properties were observed between the sausages in co-

extruded alginate and manufactured collagen casings.  Further work is needed to 

determine if these differences were a result of the different casings, the sausage meat, 

or interactions between the casings and the meat.  The shear properties of the 

sausages in alginate casings varied with the direction of shear (i.e., lengthwise vs. 

widthwise).  Again, further work is needed to determine if these differences were a 

result of the alginate casings themselves or another factor (e.g., flow of the meat into 

the casing during stuffing).  Understanding how co-extruded alginate casings behave on 

sausages is important for future development and optimization of these types of 

sausage products. 

 



 
 

148 

References 

Amin, S. & Ustunol, Z. (2007). Solubility and mechanical properties of heat-cured whey protein-

 based edible films compared with that of collagen and natural casings. International 

 Journal of Dairy Technology, 60 (2), 149-153. 

Barbut, S. (2010). Microstructure of natural extruded and co-extruded collagen casings before 

 and after heating. Italian Journal of Food Science, 22, 126-133.  

Bontjer, M.B.H., Kuijpers, M.W.J.T., Van Den Berg, K.W. (2011). Method for preparing food 
 products by co-extrusion, in particular sausage, and food products obtained with this 
 method. EP 1 893 030 B1 Paris: FR. European Patent Office.  

Harper, B. A., Barbut, S., Lim, L.-T., & Marcone, M. F. (2012). Microstructural and textural 
investigation of various manufactured collagen sausage casings. Food Research 
International, 49, 494–500. 

Kutas, R. (1987). Great sausage recipes and meat curing. New York: Macmillan Publishing Co.  

Nielsen, H.H. & Wells, N.J. (2009). Food product having a casing. International Publication No. 

 WO 2009/155511 A2. World Intellectual Property Organization. 

Savic, Z. & Savic I. (2002). Sausage Casings (1st ed.). Vienna, Austria: Victus, Inc. 

Smits, J.W. (1985). The sausage coextrusion process. In Krol, B., van Roon, P.S., &  Hoeben, 
 J.A. (Eds). Trends in Modern Meat Technology.  (pp. 60-62).  Wageningen, The 
 Netherlands: Center for Agricultural Publishing and Documentation. 

Ustunol, Z. (2009). Edible Films and Coatings for Food Applications. (K. C. Huber & M. E. 
Embuscado, Eds.), 245–268. doi:10.1007/978-0-387-92824-1 

Visser, P.R. (2012). Casings for foodstuffs. US Patent Application No.US 2012/0114807 A1 



 
 

149 

  
Figure 1 Force to shear raw (A) and cooked (B) sausages made with co-extruded alginate or 

manufactured collagen casings LENGTHWISE 0, 1 and 2 weeks after their production 
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Table 1 Distance and work to shear raw and cooked sausages made with co-extruded alginate or 

manufactured collagen casings LENGTHWISE 0, 1 and 2 weeks after their production 

 
 
Casing Type 

  
 

Week 

Raw Sausages Cooked Sausages 

Casing 
Thickness (mm) 

Distance to 
Shear (mm) 

Work to Shear 
(N mm) 

Distance to 
Shear (mm) 

Work to Shear 
(N mm) 

Alginate 1 0.163 ± 0.015
 

0 6.47 ± 0.81
 

2.73 ± 0.59
 

1.96 ± 0.37
 

1.11 ± 0.26
 

 
 

1 5.67 ± 0.64
 

3.03 ± 0.77
 

1.88 ± 0.36
 

1.20 ± 0.56
 

 
 

2 4.87 ± 1.00
 

4.34 ± 2.32
 

1.96 ± 0.59
 

1.50 ± 0.78
 

Alginate 2 0.152 ± 0.021
 

0 7.61 ± 0.22
 

4.43 ± 0.59
 

1.75 ± 0.15
 

1.33 ± 0.19
 

 
 

1 6.67 ± 1.47
 

4.23 ± 0.94
 

1.66 ± 0.50
 

1.42 ± 0.69
 

 
 

2 7.82 ± 1.27
 

8.05 ± 3.17
 

2.07 ± 0.32
 

2.11 ± 0.64
 

Collagen 0.126 ± 0.004
 

0 9.09 ± 0.69
 

8.72 ± 1.33
 

3.91 ± 0.49
 

4.41 ± 0.73
 

 
 

1 9.12 ± 1.23
 

9.38 ± 0.57
 

2.97 ± 0.66
 

2.81 ± 0.71
 

 
 

2 8.22 ± 1.10
 

9.69 ± 0.66
 

3.30 ± 0.80
 

3.50 ± 0.70
 

Means ± standard deviation, n = 18  
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Table 2 Shear properties of raw and cooked sausages made with co-extruded alginate casings sheared 

WIDTHWISE 0, 1 and 2 weeks after their production 

  Raw Sausages Cooked Sausages 

Casing 
Type 

Week Force to 
Shear (N) 

Distance to 
Shear (mm) 

Work to Shear 
(N mm) 

Force to 
Shear (N) 

Distance to 
Shear (mm) 

Work to Shear 
(N mm) 

Alginate 1 0 1.00 ± 0.08
 

8.02 ± 1.89
 

  4.58 ± 0.50
 

1.65 ± 0.30
 

3.24 ± 0.57
 

2.99 ± 0.92
 

 1 1.29 ± 0.36
 

6.87 ± 1.89
 

  5.44 ± 2.57
 

1.83 ± 0.64
 

3.27 ± 0.85
 

3.36 ± 1.98
 

 2 2.68 ± 1.42
 

7.24 ± 1.20
 

10.34 ± 5.39
 

2.31 ± 0.95
 

3.19 ± 0.93
 

4.13 ± 2.36
 

Alginate 2 0 1.30 ± 0.25
 

8.76 ± 1.72
 

  6.82 ± 2.33
 

2.00 ± 0.61
 

2.58 ± 0.51
 

2.86 ± 1.18
 

 1 1.46 ± 0.25
 

8.88 ± 1.99
 

  7.64 ± 2.53
 

2.53 ± 0.69
 

2.97 ± 0.81
 

3.96 ± 1.83
 

 2 2.21 ± 0.90
 

8.83 ± 1.80
 

10.36 ± 3.53
 

3.13 ± 0.24
 

3.33 ± 0.62
 

5.42 ± 1.40
 

Means ± standard deviation, n = 18  
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Figure 2 Light micrographs of raw co-extruded alginate (a & b) and manufactured collagen casings.  
Images b & d were taken using polarized light.       

 
 
 

 

 

 


