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ABSTRACT
Novel intervention strategies such as food grade antimicrobials are used to enhance food
safety. Nisin is a widely used naturally occurring antimicrobial effective against many
pathogenic and spoilage microorganisms. However, its antimicrobial efficacy in food
matrices is much reduced because of interactions with food components. Novel delivery
systems may overcome this problem by protecting nisin in capsules and releasing it in a
controlled manner.
The overall goal of this research was to develop delivery systems of nisin to improve its
long-term antimicrobial effectiveness. The first objective was to develop a low-cost method
to extract nisin from a commercial preparation containing ~2.5% nisin. The best extraction
yield was observed at 6 mg solids/mL 50% v/v ethanol. The nisin extract, after adjusting to
70% v/v ethanol, was dissolved with 2% zein (corn prolamins) and different amounts of
Tween 20, glycerol, and thymol (another naturally occurring antimicrobial) for spray drying,
a practical encapsulation method. Spray-dried capsules were characterized for release profiles
of nisin at different pH conditions. Spray drying inlet temperature was first studied at 75 to
120°C, and the greatest sustained release of nisin was observed for capsules produced at
105°C, which was used in rest of this study. The impacts of Tween 20 and glycerol
supplemented in spray-drying formulations were studied next. Addition of either 0.05%
Tween 20 or glycerol in the spray-drying solution reduced the burst release of nisin at pH 6.0.
Capsules with a higher amount of Tween 20 showed more complete release of nisin at pH 8.0,
while glycerol had no apparent impact.
The most sustained release of nisin at pH 6.0 was observed for capsules produced with
both thymol and glycerol. Various capsules were then studied for their ability to inhibit the
growth of Listeria monocytogenes at pH 6.0 during incubation at 30°C. Un-encapsulated
iv

nisin and thymol showed inhibition only for 12 h, while capsules with nisin and thymol
containing either low or medium level of glycerol inhibited L. monocytogenes for >96 h. Our
antimicrobial delivery systems, based on food grade ingredients and practical processes, have
potential for practical application to enhance microbial safety and extend the shelf-life of
foods.

Key words: microbial food safety, Listeria monocytogenes, antimicrobial delivery systems,
nisin, zein, spray drying
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Chapter 1 . Review of current literature
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1.1. Introduction
Globally, contaminated food and drinking water cause deaths of one million people
annually (1). Although tremendous efforts have been made by governments and food industry
to reduce foodborne illnesses, there are sporadic outbreaks due to post-production
contamination by foodborne pathogens (2-4). Antimicrobial food preservatives are used in
many food products to prevent post-processing contamination, extend shelf-life, and maintain
food quality while saving energy costs during production and transportation (5-8).
However, antimicrobials often have reduced efficacy in foods than in liquid solutions or
microbiological growth media. Reactions between antimicrobial molecules and food
components like proteins, lipids, enzymes, ions and surfactants may reduce antimicrobial
effectiveness (9). Therefore, many researchers have developed delivery systems for
antimicrobials to obtain sustained release so as to minimize interference of food components.
Delivery systems include particulates (10, 11) and films (12-18). Particulates can be used in
food matrices, while films can be used to wrap solid foods to inhibit the growth of
microorganisms on surfaces.
In this study, the overall goal was to develop food grade particulate antimicrobial
delivery systems to enhance microbial safety during storage. Nisin was chosen as a model
antimicrobial since it is naturally derived from lactic acid bacteria and has a broad spectrum
against Gram-positive bacteria. It was approved as generally recognized as safe (GRAS) for
extending shelf life of processed cheese in the United States and is the only bacteriocin
allowed in foods as a preservative (9, 19). Zein was chosen as a carrier material because it is
a water insoluble protein that can provide a stable delivery system to release antimicrobials in
aqueous food matrices. In addition, zein has been studied as a carrier material for capsule-,
film- and fiber-based delivery systems for fish oil, sweeteners, flavors, antimicrobials and
antioxidants (20-29). Practical delivery systems for antimicrobials must be produced using a
low-cost and scalable technology such as spray drying (30-39) . Spray drying is widely used
to research drug delivery systems that potentially enhance the absorption of
orally-administered drugs, reduce degradation by gastrointestinal fluids, intestinal microbial
2

flora, and deliver drugs to targeted sites (40). Spray drying is also well studied for delivery
systems of food ingredients to increase their stability and/or bioavailability during storage
and consumption (31-34). To date, the use of spray drying to microencapsulate antimicrobials
for enhanced long-term effectiveness has been scarce.
The main objective of this chapter is to provide a concise review of topics relevant to this
research, particularly the potential use of spray drying to produce delivery systems of nisin.
The rationale of using antimicrobials to enhance food safety is first discussed, followed by
the need of antimicrobial delivery systems to enhance long-term effectiveness in food
matrices. Characteristics of the chosen antimicrobial, carrier polymer and encapsulation
method are discussed in detail.

1.2. Concerns of microbial food safety
Every year, there are up to 76 million cases of foodborne illness, 325,000
hospitalizations and 5,000 deaths in the United States (41). Globalization of food products
benefits consumers because of the increased availability and variety but demands rigorous
supply chain and production control to make sure food supplies are safe. Foodborne pathogen
contamination in one facility can cause broader outbreaks due to increased mass production.
For example, multi-state outbreaks in 1998-1999 due to consumption of Listeria
monocytogenes contaminated frankfurters and deli meats manufactured at a single facility in
Michigan caused 14 fatalities (38). In 2009, a multi-state Escherichia coli O157:H7 outbreak
linked to contamination of ground beef at a New York farm caused hospitalization of 19
persons and 5 developed hemolytic uremic syndrome (42, 43).
Although tremendous efforts have been made by the governmental agencies and the food
industry to control foodborne illnesses, the US Center for Disease Control and Prevention
estimates that 5.2 million illnesses, 45,826 hospitalizations, and 1,458 deaths per year are
caused by known foodborne pathogenic bacteria (44). Novel hurdle technologies such as
antimicrobial delivery systems are needed to reduce post-production contamination to
improve food safety (2-4).

3

1.3. Antimicrobials
Food antimicrobials are classified as preservatives that prevent or retard biological
deterioration of foods (45). Antimicrobials can extend the shelf life of a food product by
preventing growth of spoilage microorganisms. They also can inactivate pathogenic
microorganisms and inhibit their growth in foods. Examples of applications of antimicrobials
in foods include inhibition of Clostridium botulinum in cured meats and certain cheeses by
nitrite, nisin or lysozyme, inactivation of L. monocytogenes on beef carcasses or processed
meats by organic acid spray or lactate and diacetate, and inhibition of yeast and mold growth
in beverages by benzoic acid or benzoates (46).
Although antimicrobials cannot be used as a substitute for sanitation in food processing
or preserve products that are heavily contaminated (45), they may be applied together with
existing preservation practices to enhance food safety and/or extend shelf-life. Antimicrobials
can be used to prevent growth of pathogens present because of post processing
contamination, extend shelf-life and keep foods safe while saving energy costs on production
and transportation. For example, nisin, can be combined with mild heat pasteurization to
effectively control the growth of surviving bacteria in liquid eggs and extend refrigerated
shelf-life from 10-11 days to 17-20 days at 6 °C (5). With addition of 1.88 or 3.75 µg/mL
nisin, a reduced heat treatment (117 °C for 2 s) extended the refrigerated shelf life of milk
and improve the quality compared to ultrahigh temperature treated (UHT) milk (6). Nisin has
also been used to prevent spoilage of pasteurized dairy products in some warm-climate
countries that do not have adequate refrigerated transportation facilities to distribute products
(9). Lysozyme, a naturally occurring antimicrobial enzyme, is used in Japan at 250 mg/L to
extend shelf-life of red wine and reduce the level of sulfite application(7, 8).
Antimicrobials have been increasingly studied in association with ―hurdle technologies‖
or combinations of preservation processes to expand the effectiveness against a broader
spectrum of microorganisms. For examples, sorbic acid combined with benzoic acid inhibits
a wide range of spoilage bacteria in citrus products, and the combination has better
antimicrobial activity than either compound alone (47), as in the case of combination of nisin
4

and lysozyme for synergistically inhibiting the growth of L.monocytogenes (48). Adding
nisin and diglycerol monolaurate can increase antilisterial efficiency of thymol at low
dosages so that flavor was is less impacted(49). Escherichia coli was reported to be more
sensitive than lysozyme when pretreated with high hydrostatic pressure (50).

1.4. Challenges of applying antimicrobials in foods
Antimicrobials often have decreased efficacy when applied to foods than in
microbiological media. For example, nisin activity is improved when it is applied in liquid
media or foods than in solid or heterogeneous products because it is distributed more
homogenously in liquid systems (9). Hen egg white lysozyme has limited antimicrobial
efficiency against L. monocytogenes when applied to pork sausages while the bacterium is
sensitive to lysozyme in buffer or media (51). Mineral components in milk can protect L.
monocytogenes from inactivation by lysozyme and heat treatment (52). Lactoferrin, a
naturally occurring antimicrobial in bovine and human milk, is susceptible to elevated levels
of calcium or phosphates in foods (53) and trypsin, ferrous sulfate, magnesium sulfate and
hematin all reduce lactoferrin activity (54). Sorbic acid can be degraded by certain
Penicillium species isolated from cheese and 1,3 pentadiene is produced along with the
degradation, resulting in a kerosene-like off odor (45).
Environmental or processing factors can also affect efficiency of antimicrobials. For
example, the heat used in the melting process for the production of pasteurized process
cheese caused 20% loss of nisin activity (9). A UHT for processed cheese can cause up to
40% loss of nisin activity (9). Refrigerated storage can stabilize nisin, but degradation is
increased at ambient temperature after refrigerated storage (9).

1.5. Antimicrobial delivery systems
Delivery systems were first used to obtain a controlled release rate and preferred delivery
of drugs to targeted sites. A carrier material is used to encapsulate drugs in a designed
structure so that the drug is gradually released from the carrier-drug composite matrix by
mass transfer (55), or released abruptly due to collapse of a carrier matrix triggered by
environmental changes (55). Similarly, several studies have found that delivery systems can
5

improve the efficiency of food antimicrobials by protecting antimicrobials from adverse
environmental or processing effects and interactions with food components. Nisin
encapsulated in liposomes demonstrated a 2-log greater inhibition of L. monocytogenes than
free nisin (56). Liposomes with co-encapsulated nisin and ethylene diaminetetraacetic acid
(EDTA) inhibited the growth of E. coli O157:H7 better after 48 h of incubation at 32 C than
free nisin (57). Unencapsulated pediocin AcH has only 20% and 60% activity, respectively,
in slurries of heated beef muscle and tallow (58). Activity of pediocin AcH can be increased
by 27.5 and 28.9% when it is encapsulated in liposomes. Capsules of poly- (L-lactide) have
been reported as effective particulate delivery systems for nisin (10, 11). Salmoso et al. (11)
demonstrated that sustained release of nisin from poly-(L-lactide) nanocapsules inhibited the
growth of Lactobacillus delbrueckii over 45 d, in comparison to 4 d for unencapsulated nisin.
Encapsulation of lysozyme in poly(lactide-co-glycolide) by hot-melt extrusion increased
enzyme stability, reduced burst release, and increased completeness of release (59). Sustained
release of lysozyme over 49 days was observed from spray-dried zein capsules (25).
Lactoferrin-loaded chitosan microcapsules produced by an

emulsification-solvent

evaporation method showed a high loading level and gradual release of lectoferrin over 7 h
(60). Antimicrobials immobilized on films can be applied as bioactive packaging to prevent
post-processing contamination on food surfaces. For example, nisin-containing sodium
caseinate films on cheese showed 1.1-log inhibition of L. monocytogenes after one week of
storage at 4 °C (12). Nisin immobilized on poly(ethylene-co-vinyl acetate) films inhibited
biofilm formation from Staphylococcus epidermidis ATCC 35984 (13). Soy, zein and wheat
gluten proteins were also studied as film carriers for nisin to inhibit L. monocytogenes in
turkey bologna (14-18).

1.6. Nisin
Nisin is a GRAS preservative because nisin-producing Lactococcus lactis are naturally
present in milk are used to produce fermented dairy products, such as cheese, and have
therefore been consumed by humans for hundreds, if not thousands, of years without any
known ill effects (9). It is a low molecular weight peptide commercially produced by
6

Lactococcus lactis subspecies lactis isolated from dairy products. Nisin contains 34 amino
acids and has a molecular weight of 3510 Da (61). It is a Class I bacteriocin, containing
thioether amino acids. Nisin A has five internal disulfide bridges and it is amphiphilic with a
hydrophobic N-terminal and a hydrophilic C-terminal (62). Nisin Z is a natural variant of
nisin A, whose histidine at position 27 is replaced by asparagine (63).
In the dried powder form, nisin is heat stable. When used in solution, it showed the
optimum heat stability at around pH 3-3.5 after heating at 115 ºC, 20 min. At pHs >3.0,
nisin activity is significantly reduced (64). However, nisin in low acid foods (pH 6.1-6.9)
showed a similar loss of activity as in high acid foods (pH 3.3-4.5) after heating for 3 min at
250 °F (65). Nisin was reported to be very effective in pasteurized liquid egg that has a pH of
7.3-7.8 (9). Findings from these studies, i.e., good heat stability in high pH foods but not so
in buffers, suggest potential protection mechanisms by food matrices.
The solubility of nisin is pH-dependent. At pH 2.2, nisin has a solubility of 56 mg/mL.
At pH 6.0 and 8.5, nisin solubility drops to 1.5 and 0.25 mg/ml, respectively (66). However,
solubility of nisin in foods is not critical because the usage of nisin in foods never exceeds
0.025 mg/mL (9).
Commercial nisin preparations such as the one branded as Nisaplin® by Aplin & Barrett
(now Danisco) contain 2.5% nisin A, corresponding to 1 million International Units (IU) per
g, and the rest are salts and milk solids. The assay method - the horizontal agar diffusion test
for determining nisin activity was first developed by Tramer and Fowler (67). The
Gram-positive bacterium Micrococcus Luteus was used as an indicator organism because it is
nisin sensitive. Many researchers including Wolf and Gibbons (68) improved this assay (69,
70). More recently, an enzyme-linked-immunosorbent-assay (ELISA) was developed using
polyclonal antiserum, raised in sheep, to nisin A (71). However, antibodies with specific
affinity to distal parts of nisin are still needed so that only the native nisin is measured (9).
It is well known that nisin is effective against Gram-positive bacteria but not
Gram-negatives. Nisin is particularly active against the vegetative cells and heat resistant
spores of Bacillus and Clostridium and the pathogen L. monocytogenes. (72). Nisin is
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effective against the lactic acid bacteria that cause spoilage of fermented beverages (wine and
beers) and, the meat spoilage bacterium Brochothrix thermosphacta . The proposed
mechanism of antimicrobial action of nisin against vegetative cells involves insertion into the
cytoplasmic membrane. Nisin is a cationic antimicrobial which binds negatively-charged
bacteria membrane by electrostatic attraction (73). Following binding, nisin inserts into the
membrane and causes transient pores on membrane. Meanwhile, the membrane structure is
perturbed by the insertion of nisin resulting in rapid efflux of ions, amino acids, and cellular
ATP. (74). Another potential mechanism involves interactions of nisin with lipid II, the
peptidoglycan precursor that acts as a docking molecule for subsequent pore formation.
Researchers found that with lipid II, the temporary life time of pores formed on the bacteria
membrane increased from milliseconds to around 6 seconds, and the pore size increased from
1 nm to 2.5 nm (75). Nisin is not effective against Gram-negative bacteria because it cannot
penetrate their outer membrane and cell wall complex to reach the functional site, the
cytoplasmic membrane (9). Combination of nisin with a chelator, such as EDTA, allows it to
be effective against Gram-negative bacteria since chelators complex divalent cations from
bacteria walls, releasing phospholipids and lipoproteins and increasing cell wall permeability
(76-78).
As discussed above, nisin activity is reduced when applied in foods. Certain compounds
in foods such as sodium metabisulfite, titanium dioxide, Ca2+, and Mg2+ can reduce nisin
activity (74). During food consumption, enzymes such as pancreatin and α-chymotrypsin can
degrade nisin (79, 80). The presence of lipids or protein content in foods can bind or interact
with nisin so that the effectiveness against bacteria is reduced. Nisin and chelators (EDTA,
EGTA, citrate, phosphate) work effectively against E. coli O157:H7 and Salmonella
Typhimurium in buffered solutions, but their activity is reduced on lean beef (81, 82). In
another study, nisin was effective against L. monocytogenes in water at 52 °C for 3 min,
while the same amount of nisin was less effective on turkey skin (83). Therefore an
antimicrobial delivery system needs to be studied to improve its activity in foods.
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1.7. Characteristics of zein
1.7.1. Properties of zein
Zein is a group of alcohol-soluble corn proteins, located in endosperms of maize kernels.
They are not soluble in water but are soluble in aqueous alcohols, high concentrations of
urea, alkali solutions (> pH 11), and anionic detergents (20). Zein has two major fractions - 
and . -zein is defined as prolamins soluble in 95% v/v of aqueous ethanol and represents
80% of the total prolamins in corn (20). Gel electrophoresis of zein extracted from starch
showed four distinct bands in the gel and another major fraction that did not enter the gel
(20). Bands migrating into the gel were labled as -zein, while that remaining outside the gel
was defined as -zein. -zein has two major fractions with molecular weights of 24and 22
KDa (84, 85). -Zein has major fractions with molecular weights of 24, 22 and 14 KDa and is
soluble in 60% ethanol but insoluble in 95% ethanol. According to Esen (86), γ-zein is
soluble in 0-80% isopropyl alcohol (IPA) in the presence of a reducing agent and soluble in
30% IPA with 30 mM sodium acetate. Commercial zein is soluble in 50-95% IPA but
insoluble in 30% IPA with 30 mM sodium acetate (87).
A helical structure was proposed for repeat peptides of two zein proteins (19 and 22
KDa) where nine homologous units are organized in an anti-parallel form stabilized by
hydrogen bonds (88). The helical content of zein is around 33.6-60% in 50-80% ethanol
(88-90). When the ethanol concentration is reduced from 80% to 50% v/v, zein conformation
is changed to less helical (90).
Zein is considered soluble if a solution with >0.5%w/v of zein is transparent at room
temperature (91). By this definition, zein is soluble in 50-90% ethanol or anhydrous methanol
(20). By increasing the temperature, zein can be solublized in 40% ethanol. Other solvents of
zein include ketones (methyl ethyl ketone, acetone), amide solvents (acetamide), esters,
glycols and high concentrations of salts such as NaCl and KBr (20). While zein is not soluble
in water, adding detergents, such as dodecylsulfate in water can increase water solubility of
zein (92). In an acidic (HCl, pH < 1) or alkaline (NaOH, pH > 12) aqueous system, solubility
of zein in water can be increased (20). However, such treatments cause severe degradation of
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zein. With the presence of lecithin, zein forms a water soluble zein-phosphatidate complex
under sonication, and this complex exhibits emulsifying properties over a wide range of pHs
(93).
Commercial zein is recovered from corn gluten meal (CGM) that is a co-product from
starch and oil production by wet milling of corn. Extraction of zein from CGM usually
involves two solvents: a polar solvent such as aqueous ethanol or isopropanol followed by
another non-polar solvent such as hexane or benzene for removal of fats, pigments, etc (20).
Briefly, 86-88% IPA or 93-95% ethanol at high pH is used to extract CGM at 50-60 °C for 30
min to 2 h. Then the extract is filtered and cooled (94, 95). Following that, hexane or other
solvent that zein is not soluble in is added to the alcoholic zein solution to form two layers.
The top layer contains lipids, pigments and alcohol and the bottom layer is a concentrated
zein solution (96). Zein is then precipitated either by reducing temperature or in cold water.
After that, vacuum drying is used to obtain a light yellow zein product. The treatment at an
elevated temperature denatures protein and causes gelation problems during processing.
1.7.2. Application of zein in the food industry
Since zein lacks tryptophan and lysine, its poor nutritional profile limits its application as
a nutritional supplement in foods. While zein was discovered by 1821 most research on zein
applications started in the middle of 20th century for uses, such as fabrics (20), furniture
stuffing (97), special coatings for photographic films (98), floor and label coatings, can
linings (99), and coatings for medical tablets (20). Zein has good film-forming properties that
are good water and oxygen barrier (100, 101). As a food grade material, zein films are not
carcinogenic and do not have waste problems inherent in petrochemical-based plastics. In the
food industry, zein is used to package foods to delay ripening, reduce lipid oxidation, and
minimize access by microorganisms, etc. For example, zein films delay ripening of tomatoes
by 6 d without any adverse effect (102). Zein combined with soy protein isolate was used to
form laminated layers of packages for olive oil condiments. Water and oxygen barrier
properties of packages reduce oxidative rancidity of olive oil better than linear low-density
polyethylene films (103). Zein was also used to coat eggs to increase its shell strength and
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resistance to microbial penetration (104, 105). Recently, zein was studied as a carrier material
to deliver bioactive compounds in capsules, films or fibers to protect them from
environmental stresses and/or control their release in foods.
1.7.2.1. Zein as a carrier material of particulate delivery systems
In one study, zein was mixed with other coating materials to encapsulate an artificial
sweetener (L-aspartyl-L-phenylalanine methyl ester (APM) (i.e., aspartame)) using a method
similar to fluidized bed coating process. Encapsulated sweeteners can be used in chewing
gum formulations (20, 21). Aspartame breaks down on contact with water and other
flavorings (such as cinnamon), but zein coating doubles the shelf-life stability. In another
study, docosahexaenoic acid, an ω-3 fatty acid, was encapsulated in zein by electrospraying
and the encapsulated ω-3 fatty acid was degraded slower than free fatty acid at 37 °C (22). In
another study, a liquid–liquid dispersion was used to encapsulate fish oil in zein. The
freeze-dried particles showed good oxidative stability (23). A modified spray drying
apparatus by employing atomization using a spinning disk was used to encapsulate flavors
(lime, Parmesan cheese and Balsamic vinegar flavoring) in zein (24), and the encapsulated
products showed reduced aroma degradation during storage or processing. In our laboratory,
lysozyme loaded in spray-dried zein capsules showed sustained release over 49 d at pH 6.0,
and a co-encapsulated thymol played an important role in changing microstructures of zein
capsules and release properties of encapsulated lysozyme (25). In another study, sustained
release was observed over 36 d when lysozyme was loaded alone in zein capsules produced
by a supercritical CO2 anti-solvent process (106) . These studies show the promise of delivery
systems for nisin using zein as a carrier polymer and spray drying as an encapsulation
method.
1.7.2.2. Zein as a material to produce film- or fiber-shaped delivery systems
High intensity, non-caloric sweeteners, such as aspartame, were incorporated in
zein/shellac films by air drying at ambient temperature. This system was used in chewing
gum to achieve a gradual and controlled release of sweeteners during chewing, and to
increase sweetener stability during chewing (27). Ciprofloxacin, an antibiotic, was loaded
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into zein microsphere films through solvent evaporation. A 28-d release of ciprofloxacin was
observed in a model buffer with pepsin, and antimicrobial activity of ciprofloxacin lasted
more than 6 d (28). Cast zein films impregnated with nisin or lysozyme showed larger
inhibition zones against Lactobacillus plantarum than heat-pressed zein films. Adding EDTA
to cast zein films with nisin or lysozyme increased the activity to the Gram-negative E. coli
(107). In another study, nisin or lauric acid-immobilized zein films were efficient in reducing
L. monocytogenes by more than 4 logs after 48 h exposure (108). However, nisin activity can
be lost during zein film formation process. In one study, very low concentrations of nisin
(<15.8%) were retained after zein films were formed by drying solutions on a leveled glass
plate (22x22 cm2) at ambient temperature for 24 h (109). Zein was used to form fibers by
electrospinning to stabilize polyphenols of green tea (epigallocatechin gallate, (EGCG)) in
water since EGCG is not stable under alkaline conditions and may be oxidized and
polymerized during thermal processing (29). β-carotene was immobilized in ultrathin
electrospun zein fibers and confocal Raman imaging spectroscopy showed stable and widely
dispersed antioxidants inside zein fibers (110). Encapsulation significantly increased the light
stability of β-carotene when exposed to UV-vis irradiation at 466nm up to an hour.

1.8. Spray drying as a low-cost, scalable process to produce delivery
systems
Spray drying was chosen because it has been intensively studied on delivery systems for
drugs and food ingredients. Many researchers have demonstrated that delivery systems can
protect drugs from degradation by intestinal fluid, increase availability of drugs at targeted
sites, protect food ingredients from heat, oxygen or light stresses, reduce interaction of
bioactive compounds with the environments, lower diffusion/release rate of bioactive
compounds to the surrounding environment, and mask undesirable odors of some compounds
(30-39). In addition, spray drying is one of the most popular encapsulation technologies to
obtain sustained release of bioactive compounds since it is a simple and cost effective method
and dry products are shelf stable and convenient to use (111, 112). The principle of spray
drying is reviewed below.
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1.8.1. Principles of spray drying
Spray drying is in the family of suspended particle processing systems, where particles
are dried while suspended in the air (113). At the feed of a spray dryer, a solution,
suspension, emulsion or paste, is pumped through a nozzle into hot air, forming millions of
individual fine droplets – a process called atomization. Thermal energy of hot air removes
moisture from atomized droplets quickly to form dried particles. The dried particles are then
separated from the drying air in a separate unit operation such as a cyclone. Due to the large
surface area of droplets created by the atomization, the drying process can be finished in ca. 5
seconds in a small scale spray drying (114), making it applicable to heat sensitive ingredients.
Two-fluid nozzles, a pneumatic stream and a feed stream, are the most popular because
of the suitability to both low and high viscosity fluids. These nozzles have been used to
produce a wide variety of products, such as emulsion-based drug delivery systems (115),
micro/nano capsules (116), particles with improved release properties (117), and protein
powders with increased stability (118). In addition, there is an in-process cleaning feature of
two-fluid nozzles that reduces clogging, common in other nozzles. This is done by using a
cleaning needle positioned in the middle of a nozzle energized by pulses of compressed air
(114).
Following atomization, drying takes place on the droplets surface by hot air (119). Based
on the drying rate, the particle drying process can have two periods, a constant drying rate
period and a falling drying rate period (120). To begin with, saturated vapor film is quickly
formed at the droplet surface, where the temperature is the wet-bulb temperature of drying
air. At this period, diffusion of moisture to the droplet surface can compensate the moisture
evaporation on the surface so that the droplet surface is always being saturated. During this
period, evaporation occurs at a constant rate. When moisture inside droplets becomes too low
to maintain a saturated droplet surface, a dried shell is formed on the droplet surface. This
point is called the ―critical point‖ where the first layer of dry crust is formed. Then the
evaporation rate begins to drop and the falling rate period begins. During the falling rate
period, mass and heat transfer is slowing down and evaporation continues till droplets reach a
13

moisture content in equilibrium with the surrounding air. If the temperature is high enough
(above the boiling point of the droplet solution), heat transfer can cause evaporation of
solvent within the formed shell, resulting in the build-up of pressure that may cause bursting
effects on the shell, forming porous and cracked crusts or even ruptured, disintegrated or
fragmented particles. If the temperature is below the boiling point of solution, moisture
evaporates through diffusion or capillary mechanisms (120), and particles are often more
regularly shaped.
Several factors during drying process can affect the distribution of solutes in dried
particles (122). Surface activity, molecular size and interactions among different solutes
impact their preferential adsorption to the droplet surfaces. Molecules with higher surface
activity and smaller size adsorb preferably on to the droplet surface, while solutes with lower
solubility precipitates quicker on the surface. After the formation of a crust, diffusion of
solutes inside the crust determines solute distribution and internal structure, which also is
affected by interactions among solutes. Complete drying is obtained only when the droplet
drying time is shorter than the droplet residence time.
Several spray drying parameters affect particle properties. A higher inlet temperature
increases outlet temperature and spray-dried particles have reduced moisture content and
wettability (123). Many studies show increased particle size at a higher inlet temperature
(120, 123-127). Particle shells are formed quicker at a higher inlet temperature and the
pressure build-up inside particles causes the expansion of particles. Jumah et al (124) also
found that particles produced at a higher inlet temperature had a lower bulk density,
indicating that bigger particles have more porous internal structures. Broadhead et al. (128)
suggested that bigger particles may result from particle aggregation at a higher drying
temperature.
Composition of a feed also affects spray drying efficiency. High solids contents of the
feed reduce the heat required to remove moisture to a constant weight (113). Therefore, to
better utilize energy, a high solids content level should be used, as long as the nozzle is not
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clogged. However, samples with high solids content tend to have a significant deposition on
the drying chamber wall (120).
1.8.2. Application of spray drying to produce delivery system of drugs
Chitosan was used in several studies to produce capsules for drugs by spray drying.
Theophylline loaded in chitosan capsules showed sustained release at both pH 1.2 and 6.8
The release mechanism at pH 1.2 was proposed to be dissolution of chitosan, while at pH 6.8
it was proposed that diffusion of the drug occurred through the capsule matrix (35). FT-IR
spectra suggested that the carbonyl group of theophylline bound with the amino group of
chitosan by hydrogen bonds. In another study, acetaminophen loaded in chitosan capsules
showed more sustained release than its free form and the carbonyl group of acetaminophen
bound with the amino group of chitosan by hydrogen bonds. At a late stage of release studies
(i.e., later than 70% of total release time), acetaminophen released from capsules (with an
acetaminophen: chitosan ratio of 1:5) is 15 and 8 folds of the original acetaminophen at pH
1.2 and 6.8, respectively(36). In addition, the release rate of drug can be manipulated by cross
linking of chitosan by glutaraldehyde, formaldehyde or d,l-glutaraldeyde. Ganza-Gonzalez et
al (39) demonstrated that 15% of formaldehyde cross-linked chitosan capsules showed
controlled metoclopramide hydrochloride release for more than 8 hours at pH 1.2 and 4.5,
while uncross-linked chitosan capsules released the drug in one hour.
Biodegradable polymers were also used to encapsulate drugs by spray drying. Such
polymers included poly(lactide) (PLA), and poly (lactide-co-glycolide) (PLGA) (129-132).
Encapsulation is particularly important for some anticancer drugs that are toxic, unstable,
easily degraded, and therefore less efficient at target cells (133). In an in vitro release study,
chlorambucil loaded in poly (D,L-lactide) microcapsules had sustained release over 7 d (132).
Another anticancer drug Doxorubicin (DOX) delivered from poly (D, L-lactide-co-glycolide)
(51) microcapsules was more cytotoxicity to Glioma C6 cancer cells than free DOX (134).
PLA and PLGA were used to encapsulate the antibiotic gentamicin and the drug bioactivity
was not decreased after microencapsulation (135). Further, PLA and PLGA-based delivery
systems were capable of delivering the antibiotic to intracellular sites, while the
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unencapsulated antibiotic did not actively pass through cellular membranes and reach
intracellular sites (135). Many other polymers have been studied as carriers of delivery
systems, including poly(hydroxyalkanoates) poly(3-hydroxybutyrate), and
poly(3-hydroxy-4-pentenoate) (136-139).
1.8.3. Application of spray drying to produce delivery system of food ingredients
Spray drying has been used to encapsulate food ingredients for decades (140). Some food
flavorants are volatile and unstable, and encapsulation can increase their stability and extend
aroma characteristics. Orange oil is an essential oil with a high content of limonene that is
extensively used as an important food additive to provide a citrus flavor in the food industry.
Volatile components of orange oil are easily oxidized by heat, light and oxygen (30).
Volatility can be reduced by encapsulation in hydrocolloids such as gum Arabic. The
retention efficiency of orange oil in gum Arabic can reach an average of 91.9 % when the
spray drying outlet temperature is under 115 ºC (31). Yang et al. (32) achieved similar results
using a mixture of konjac glucomannan and Tween 80. Starch was also used to encapsulate
D-limonene (33, 34) which was more stable in larger particles (34).
Polyunsaturated fatty acids have recently shown many health-promoting benefits but are
easily oxidized because of conjugated double bonds. Spray drying may be used to
encapsulate fatty acids in a variety of materials. Fish oil encapsulated in a mixture of
n-octenylsuccinate-derivatized starch and trehalose showed better oxidative stability than the
treatment replacing trehalose with glucose syrup (141). The trehalose containing sample with
40% oil had lower lipid oxidation until day 14 than free oil. Multilayered emulsions were
engineered to enhance oxidative stability of omega-3 fatty acids, e.g., by subsequent layers of
lecithin and chitosan (142). These emulsions were also spray dried together with corn syrup
solids to produce powdered products. Multi-layered emulsions stabilized omega-3 fatty acids
better than those with a single layer of lecithin. In another study, milk was co-spray dried
with fish oil to increase the health benefits of milk formula. These products were stable up to
5 mo at 4-37 °C without noticeable off-odor (143).

16

Spray drying was also used to encapsulate nutraceuticals and micronutrients. Lycopene, a
very heat-sensitive carotenoid, was encapsulated in a gelatin/sucrose mixture. When purity of
raw lycopene materials was more than 52%, the encapsulation efficiency and yield were 82%
and 90%, although lycopene is sensitive to heat degradation (144). Lycopene microcapsules
had a 90% lycopene retention after 4 weeks of storage at 0 °C in sealed hyaline plastic bags
compared to a 20% retention of unencapsulated lycopene. Vitamin C encapsulated in
chitosan cross-linked by tripolyphosphate reduced degradation by heat, light, and oxygen,
and sustained release was observed for 6 d in a pH 7.4 phosphate buffer at 25 °C (116).
Alpha-tocopherol encapsulated in either pea protein or carboxymethylcellulose showed more
than 80% retention over 90 days in a natural orange flavoured gel at ambient temprature
(145).
1.8.4. Additives used to modulate properties of spray-dried capsules
Although the exposure to heat is very short, degradation of bioactive compounds during
spray drying may be observed because of the combined adverse impacts of shear stress
generated in the nozzle (146), thermal stress (128, 146, 147) and adsorption of bioactive
compounds at the liquid/air interface during atomization (146). Additives such as surfactants
and plasticizers have been evaluated to improve stability of bioactive compounds during
spray drying. Polysorbate-20 (Tween 20) added in a solution of recombinant human growth
hormone (rHGH) increased the stability of spray-dried rHGH (148). A thermally sensitive
enzyme, lactate dehydrogenase (LDH), was encapsulated in trehalose using spray drying
(147). Because surface active LDH adsorbs to surfaces of atomized droplets, 25% of enzyme
activity was lost after drying. Addition of 0.05% w/w polysorbate 80 (Tween 80) in the spray
drying solution reduced the loss to 5%. Furthermore, increasing Tween 80 to 0.1% w/w
changed surface structures of particles from a dimpled appearance to perfect spheres with
smooth surfaces. Another study compared the impact of Tween 80 on capsules of bovine
serum albumin (BSA) encapsulated in trehalose (149). Without Tween 80, BSA was present
at particle surfaces at a high concentration that was reduced to be undetectable when Tween
80 was used at 5 mg/ml in the feed. This could reduce protein damage by shear stresses in the
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nozzle, thermal stresses during drying and protein adsorption to the air-liquid interface upon
atomization.
Plasticizers are additives incorporated in a material that increase the workability,
flexibility, dispensability, plasticity or fluidity of the material to which they are added (121).
They stabilize proteins during spray drying by reducing the possibility of unfolding (150) that
results in protein denaturation and loss of activity or functionality. In the case of protein
solutions in spray drying, hydrogen bonds are formed between the protein and surrounding
water molecules that are critical to protein functions. During spray drying, the removal of
water disrupts hydrogen bonds, which, together with high temperatures, causes protein
unfolding. Hydrophilic plasticizers like glycerol can replace water to form hydrogen bonds
with proteins. As a result, native structures of proteins can be maintained during spray drying
(150).

1.9. Overview of dissertation research
Development of GRAS delivery systems of nisin in this research carried out using the
following steps. First, because commercial nisin products contain only ~2.5% nisin, it is
desirable to partially or completely remove non-nisin compounds using a simple method.
Previously, research in our laboratory demonstrated that aqueous alcohol at 1 mg solids/mL
solvent was effective in extracting nisin from the 2.5% preparation (151). The research in
Chapter 2 focused on optimizing the duration and solids:solvent ratio during extraction using
10-100% aqueous ethanol and methanol. The conditions identified were then applied to
prepare nisin extract that was directly dissolved with zein after adjusting ethanol
concentration. These feed solutions were adjusted for different formulations to prepare
capsules by spray drying.
The impact of spray drying temperature on nisin release properties and capsule structures
was studied and is described in Chapter 3. Release kinetics were characterized at pH 2.0, 6.0,
and 8.0 and 0-0.5 M NaCl. Spray drying temperature enabling the most sustained release was
used to prepare capsules from solutions with different concentrations of a non-ionic
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surfactant Tween 20 and a hydrophilic plasticizer glycerol because of their known functions
in modulating capsule properties. This data is presented in Chapter 4.
Because another antimicrobial, thymol, impacted release kinetics of lysozyme from
spray-dried zein capsules (25), Chapter 5 presents results from capsules prepared from
solutions with different levels of thymol with or without different levels of glycerol. Also in
Chapter 5, the effectiveness of nisin delivery systems to inhibit L. monocytogenes during
storage at 30 C and pH 6.0 compared to treatments with unencapsulated antimicrobials.
Results from this research can be used to identify appropriate food matrices that can utilize
this novel class of nisin delivery systems.
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My primary contributions to this paper include: (i) most of gathering and reviewing of
literature, (ii) collecting and analyzing experimental data, (iii) most of the writing.

2.1. Abstract
Nisin is a widely used food preservative whose efficacy is compromised when applied in
food matrices hence, encapsulation is a possible solution. This work studied parameters to
concentrate nisin from a 2.5% commercial preparation using 10-100% aqueous ethanol and
methanol at 1-15 mg solids /mL solvent (MSMS). The extraction yield was the highest at an
intermediate alcohol concentration (80% methanol or 50% ethanol) corresponding to
intermediate polarity, while a poorer extraction was observed at higher MSMS. The higher
alcohol concentration also enabled more removal of impurites such as protein. The highest
purification factor (PF) was observed at 1 MSMS in 90% methanol (PF=5.3, 91.0% yield) or
2 MSMS in 70% ethanol (PF=5.5, 84.7% yield). The optimized conditions (2 MSMS in 70%
ethanol) were further used to prepare a powdered product with (4.4 x) more concentrated
nisin by spray drying. The concentrated product may be used for encapsulation of the
antimicrobial in capsules or films/coatings.

Keywords: nisin, extraction, aqueous alcohol.
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2.2. Introduction
The bacteriocin I nisin has received intensive interests because of its broad spectrum
against gram-positive bacteria such as Listeria monocytogenes, without reported impacts on
human health after long term consumption, and the generally recognized as safe (GRAS)
status in the U.S. when applied in pasteurized processed cheese at a level below 10,000 IU/ml
(1-3). Nisin is also active against endospore-forming bacteria, including Bacillus and
Clostridium (4). In addition, the efficacy of nisin against gram-negative bacteria Escherichia
coli O157:H7 and Salmonella Typhimurium can be enhanced by addition of a chelating agent
such as ethylenediaminetetraacetic acid (5). As such, many studies have used nisin as a
preservative for enhanced safety and extended shelf-life, e.g., in liquid eggs pasteurized at
64.4 C for 5 min (6).
The compromised bactericidal efficacy of nisin when applied to food systems has been
observed in several studies. Mahadeo and Tatini (1994) found that nisin, used at 2.5 g/ml,
efficiently inactivated L. monocytogenes in scald water but was inefficient against L.
monocytogenes on the turkey skin (7). Cutter and Siragusa (1995) reported that a combination
of nisin and chelators was effective against E. coli O157:H7 and S. Typhimurium in a buffer
solution but not when inoculated on lean beef (5). Rose et al. (1999) recently observed the
loss of nisin activity in fresh beef and pork but not in cooked meat(8). Based on
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, the authors
suggested the loss of nisin activity in fresh meat was due to the binding of nisin with enzyme
glutathione naturally present in fresh beef and pork. Non-specific binding of nisin with food
components such as lipids and proteins has also been speculated to be the cause of reduced
nisin activity in food matrices (9-11).
Encapsulation (12-14) or immobilization (15, 16) of nisin in particulate structures has
shown promise to improve the application of nisin in food products. Edible films and
coatings with incorporated nisin have been studied for solid food products (17, 18). Most
projects use commercial nisin preparations, including NisaplinTM, that are labeled to contain
ca. 2.5% nisin, produced by fermentation of non-fat milk by certain strains of Lactococcus
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lactis subsp. lactis (4, 19). The 2.5% nisin preparation has approximately 1 × 106
international units (IU) per gram mass that contains ca. 74.4% NaCl, 23.8% denatured milk
solids and 1.7% moisture (19). Removal of non-nisin compounds by an appropriate
downstream process(es) may facilitate development of intervention strategies based on
capsules, films or coatings with incorporated nisin.
Several studies used various chromatography techniques to purify nisin. Cheigh et al.
(2004) achieved 31-fold purification and a 90% yield by using expanded bed ion exchange
chromatography to directly purify nisin from fermentation broth(20). López et al. (2007) used
a cation exchange adsorbent to extract nisin from the fermentation broth in a batch process,
and the eluent from the batch adsorption was further purified using reversed-phase high
performance liquid chromatography(21). The two step chromatography corresponded to a
yield of 48.85% and a purification factor of 30.80. In another study, sequential steps of
ammonium sulphate precipitation and hydrophobic interaction chromatography enabled a
purification factor of 10.87 and a yield of 50.84, while sequential steps of ammonium sulfate
precipitation and gel permeation chromatography resulted in a purification factor of 8.88 and
a yield of 49.65 (22). Magnetic particles coated with monoclonal antibody specific to nisin
were also studied (23). Because chromatography is too costly for production of food
ingredients, non-chromatographic methods also have been studied. A study from an aqueous
two-phase micelle system showed the preferred partition of nisin in the micelle rich-phase
where Triton X-100 was used as a surfactant (24). However, Triton X-100 is a non-food
grade, expensive surfactant and the final extraction of nisin from the micelle phase is needed
before application to food products. Toxic solvents of toluene (25) and chloroform (26)
showed selective extraction of nisin from commercial preparations, but the applications of
these solvents are problematic from safety perspectives.
Recently, we applied 10, 50, 90, 98, and 100% v/v aqueous ethanol and methanol to
extract nisin from the 2.5% preparation at a solids concentration of 1 mg/ml solvent (27). A
purification factor of ~2 and a yield of 63% were achieved when 50% ethanol was used,
while poor extraction was observed at an ethanol concentration of 90% or higher. A higher
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methanol concentration corresponded to a higher purification factor. A purification factor of
5.2 and a yield of 75.8% were achieved when 98% methanol was used; when 100% methanol
was used, the purification factor was 6.0, and the yield was 52.4%. Our work showed that
solubility of nisin and dairy proteins varies with solvent polarity and extraction using aqueous
alcohol can be used as a simple process to partially purify nisin from the 2.5% preparation.
Because the ratio of solids and solvent is an important parameter in extraction, the major
objective of this work was to study the extraction efficiency of aqueous ethanol and methanol
at 1-15 mg solids/ml solvent (MSMS). Our secondary objective was to evaluate extraction
efficiencies at other alcohol concentrations that were not previously studied (27).
Optimization of extraction conditions may facilitate the industrial application of this simple
extraction method.

2.3. Materials and Methods
2.3.1. Materials
The 2.5% nisin preparation was a product from MP Biomedicals LLC (Solon, Ohio).
Methanol (HPLC grade) and ethanol (200 proof) were purchased from Fisher Scientific (Fair
Lawn, New Jersey) and Acros Organics (Morris Plains, NJ), respectively. Tryptic soy broth
(TSB), peptone, and agar were products of Becton, Dickinson and Company (Sparks, MD).
Other chemicals were obtained from Sigma (St. Louis, MO).
2.3.2. Extraction procedures
Methanol or ethanol was mixed with distilled water to concentrations of 10-100% v/v.
The 2.5% nisin was then suspended in aqueous alcohol at 1-15 MSMS. The slurry was
continuously stirred up to 8 hours at room temperature before centrifugation at 1,520×g for 5
min (model TJ-6R, Beckman Coulter, Fullerton, CA). The supernatant was transferred and
diluted 10 times for tests below. Supernatants were also tested without dilution to ensure that
dilutions did not cause the nisin concentration to fall below the detection limit of nisin
activity assays.
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2.3.3. Determination of nisin activity
Nisin activity of extracts was determined by the standard agar diffusion assay (28) using
Micrococcus luteus ATCC 10240 as an indicator microorganism. Assay procedures were
detailed in our earlier work (27).
Standard curves of nisin were established from a series of nisin solutions in varying
alcohol concentrations. A stock solution was prepared to a concentration of 10,000 IU/mL by
dissolving 0.1 g of the 2.5% nisin in 10 mL of 20 mM HCl. The stock solution was diluted
with 20mM HCl to working solutions with a nisin concentration of 50-1500 IU/mL for the
agar diffusion assay. To investigate possible synergistic effects of alcohol and nisin during
the agar diffusion assay, separate working solutions were prepared from the stock solution to
50-1500 IU/mL in 10-90% v/v aqueous alcohol. Inhibition zone diameters in agar gels
corresponding to working solutions were used to generate a semi-log plot, and a linear
regression from the plot resulted in a standard curve taking the form of:
D = a log10 [Nisin] + b

(1)

where D is the diameter (cm) of the inhibition zone after baseline subtraction, [Nisin] is the
concentration of nisin in IU/ml, a and b are the slope and intercept from the linear regression,
respectively.
Agar gels with loaded nisin extracts were incubated together with those of the
corresponding standard nisin working solutions (with the same alcohol type and
concentration) at 35 ºC for 24 h. Two sample replicates were tested, and each sample was
loaded in 4 well replicates in an agar gel. The average of 8 inhibition zone diameters from
each sample was used to estimate nisin activity using an appropriate standard curve. The
solvent used to prepare a specific extract was used as a control.
2.3.4. Determination of total protein concentration
The bichichoninic acid (BCA) method was used to determine the total protein content of
extracts. The assay reagent was from Pierce Biotechnology (Rockford, IL), and bovine serum
albumin was used as a standard. After incubation at 60C for 30 min, the absorbance of
samples was measured at 562 nm within 10 min using a UV/Vis spectrophotometer (model
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BioMate 5, Thermo Electron Corporation, Woburn, MA). Duplicate tests were performed for
each sample.
Calculation of purification parameters
A yield of an extraction was calculated according to Equation 1:
Yield (%) 

Total nisin activity in an extract
 100
Total nisin activity in the powder

(2)

where the denominator was calculated based on 1000 IU per mg powder of the 2.5% nisin, as
used in the establishment of standard curves.
The specific activity of a sample (SA) was determined by:
SA (IU/mg protein ) 

Nisin activity in an extract (IU/mL)
Total protein content in an extract (mg/mL)

(3)

The purification factor (PF) for each extraction was then determined by:
PF 

Specific activity of an extract
Specific activity of the starting material

(4)

2.3.5. Sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE)
The SDS-PAGE analysis of extracts was conducted at denatured conditions using a 15%
Tris–HCl gel (Ready Gel® Precast Gel from Bio-Rad Laboratories, Hercules, CA). A Protean
II xi 2-D Cell (Bio-Rad) and a constant voltage of 200 V were used. The gels were stained
with Coomassie Blue, and destaining was repeated using a mixture of methanol and acetic
acid until satisfactory visibility of protein bands. The destained gels were dried and
photographed.
2.3.6. Microbroth dilution assay
A checkerboard assay (29) was applied to detect the occurrence of synergy between nisin
and aqueous alcohols against Micrococcus luteus. Nisin solutions were prepared at 0, 0.1, 0.3,
0.5, 1, 2, 3, and 5 IU/mL, and each nisin concentration was prepared in solvents of 0, 1.5, 3, 5,
7, 8, 9, and 10% v/v alcohol. Each well of micro-titer plates (Becton Dickinson) was added
with 25 µL of a nisin solution, 125 µL of double-strength tryptic soy broth (2xTSB), and 100
µL of the bacteria with a Micrococcus luteus population of 105 CFU/mL. The optical density
at 630 nm was used as an indicator of bacteria growth. Micro-titer plates were incubated
aerobically with lids on at 30 C, and the optical density was recorded before and after
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incubation for 24 h using an ELX 800 Universal Microplate Reader (BioTek Instruments,
Winooski, VT, USA).
2.3.7. Spray drying to prepare concentrated nisin products
To prepare powdered products with concentrated nisin, the 2.5% nisin preparation
was suspended in 70% v/v aqueous ethanol at a concentration of 2 MSMS. The slurry was
continuously stirred for 6 h before centrifugation at 1,520×g for 5 min (model TJ-6R,
Beckman Coulter, Fullerton, CA). The supernatant was transferred and dried using a
bench-top spray dryer (BÜCHI mini spray dryer B-290, Flawil, St. Gallen, Switzerland) at a
feed rate of 5.26 ml/min, an aspirator setting of 100%, an inlet temperature of 105 °C, and an
outlet temperature of 68 °C. In separate treatments, the supernatant was concentrated (to
evaporate ethanol) by a rotary evaporator (model B-490, BÜCHI) at 90 C for 30 min or 50
C for 90 min, followed by spray-drying as above.
2.3.8. Statistical analysis
Significant differences were analyzed with a least-significant -difference (P<0.05) mean
separation method using Statistical Analysis Software (V9.2, SAS Institute, Cary, NC).

2.4. Results and Discussions
2.4.1. Effect of alcohol on nisin standard curves
Inhibition zone diameters of nisin working solutions in aqueous methanol and ethanol
are presented in Figs. 2-1(A) and 1(B), respectively. At a same nisin mass concentration
corresponding to 0% alcohol (in 20 mM HCl, X-axis), Fig. 2-1(A) shows smaller inhibition
zone diameters for working solutions with 60% or less methanol, while Fig. 2-1(B) shows
working solutions with 0 or 10% ethanol corresponded to smaller inhibition zone diameters
than solutions with higher ethanol concentrations. After linear regression, slopes and
intercepts corresponding to working solutions with different alcohol concentrations are listed
in Table 2-1, along with coefficients of determination (R2). The R2 values of all treatments
are greater than 0.935, indicating a generally good linearity between the tested nisin
concentrations and inhibition zone diameters from the agar diffusion assay. Statistical
analyses further supported the above observations from Fig. 2-1. For methanol samples,
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slopes were not significantly different for working solutions with 60% or less methanol.
Conversely, slopes corresponding to 70-90% methanol were not different from each other but
were significantly higher than those from lower methanol concentrations. For ethanol
samples, slopes from working solutions with 0 or10% ethanol were not different from each
other and were significantly lower than the slopes corresponding to other ethanol
concentrations. Slopes corresponding to 50-70% ethanol were significantly higher than those
from other ethanol concentrations and those from all methanol samples.
To study possible synergy of nisin and alcohol during agar diffusion assay, a broth
dilution assay was used (29). The assay is conventionally used to determine a minimum
inhibition concentration (MIC) that indicates the minimum concentration of an antimicrobial
corresponding to no growth of a tested bacterium in medium (30). Serial dilutions of nisin
and ethanol or methanol were described in the methods section, and the MICs of
antimicrobials were used to prepare an isobologram based on the method of Davidson and
Parish (1989)(29). As shown in Figure 2-2A, if the antimicrobial property of two compounds
are additive, the plot is a diagonal linear curve. If two compounds are antagonism, data points
will appear above of the linear curve, while data points scattered below the linear curve are
indicative of synergism of two compounds. The isobolograms of nisin and ethanol (Figure
2-2B) and nisin and methanol (Figure 2-2C) shows a synergy during agar diffusion assay
using Micrococcus luteus.
During agar diffusion assay, no inhibition was observed for any of the controls with
different concentrations of methanol and ethanol, even for 70% ethanol that is a known
antimicrobial. Two factors may contribute to this observation. First,

the 100 µL volume of

nisin samples used in the assay was significantly less than the 30 mL volume of the agar
medium in each plate, and quick diffusion of alcohol into the medium results in an overall
alcohol concentration that is in sufficient to inhibit/inactivate the microorganism. Secondary,
evaporation of alcohol during incubation (at 35 C for 24 h) may further lower the overall
alcohol concentration.
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When a sample is introduced into the sample well in the agar gel, nisin has to diffuse
into the gel to inhibit the growth of test microorganism. Because nisin is known as a
relatively hydrophobic peptide, the alcohol present at a high enough concentration in the
sample may help the diffusion of nisin into agar gels, which may correspond to a larger
inhibition zone diameter if the local nisin concentration is above the MIC. Therefore,
working solutions with >70% methanol or >50% ethanol showed larger inhibition zone
diameters at the same nisin mass concentration (Fig. 2-1). When the ethanol was increased
to >70%, the inhibition zone diameter was lower than the samples with 50-70% ethanol. The
decreased polarity of concentrated ethanol (that is less polar than methanol because of a
longer carbon chain;(27, 31)) may in turn be unfavorable to the diffusion of nisin.
Regardless of exact mechanisms leading to variations in slopes for nisin solutions with
alcohol (Fig. 2-1), it is clear that a standard curve from appropriate working solutions is
needed in order to accurately determine nisin concentrations in aqueous alcohol. The nisin
activity in following extraction studies was determined from standard curves corresponding
to nisin working solutions with the same alcohol type and concentration. Because it was
difficult to prepare working solutions with 100% alcohol, nisin activity in the corresponding
extracts was estimated from the standard curve corresponding to 90% alcohol.
2.4.2. Extraction kinetics
Our previous work using 10, 50, 90, 98, and 100% v/v aqueous ethanol and methanol
at 1 MSMS suggested that the maximum extraction of nisin was observed at an extraction
time of 6 h or longer at >90% alcohol and was achieved at a shorter time at a lower alcohol
concentration (27). When the 2.5% nisin preparation was extracted using 60-85% alcohol
(Fig. 2-3), most extractable nisin was observed after 2 h extraction. Nevertheless, an
extraction time of 6 h was used in the experiments hereafter to screen extraction conditions.
2.4.3. Extraction efficiency
Nisin extraction efficiency for methanol treatments is shown in Figure 2-4A. Two trends
were observed: (1) an increase in yield with an increase in methanol concentration till 80%
methanol followed by a decrease at a higher methanol concentration and (2) a poorer yield at
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a higher solids concentration at a same methanol concentration. The first trend may be
explained by the fact that nisin is a relatively hydrophobic peptide and its solubility is the
highest at intermediate hydrophobicity. The second trend is commonly found in extraction
studies that show better extraction at a lower solids concentration because of the better
partition from the solid phase to the liquid phase. Overall, extraction yield of greater than
80% was observed in several conditions below 90% methanol and 6 MSMS.
Similar trends were observed when aqueous ethanol was used in extraction (Figure
2-4B), except that 50% ethanol corresponded to the optimum extraction. As discussed above,
ethanol is more non-polar than methanol and the maximum solubility of nisin in aqueous
alcohol may thus correspond to a lower ethanol concentration than that in aqueous methanol.
The optimum extraction at 80% methanol and 50% ethanol was in accordance with
theoretical calculations that showed similar dielectric constants
(hydrophilicity/hydrophobicity) for the two aqueous alcohol solutions (32). When ethanol
concentration was 90% and above, the extraction yield was all lower than 12%, similar to our
previous observation at 1 MSMS (27).
2.4.4. Protein concentration
Based on the BCA assay, the 2.5% nisin preparation dissolved in 20 mM HCl had 21.0%
protein (210 g protein in 1 mg powder). For extracts, the protein concentration was higher at
a higher solids concentration (MSMS) or when extracted at a lower alcohol concentration
(Fig. 2-5). A lower solubility of proteins at a higher alcohol concentration is well-known in
the literature (33-36). Protein concentrations in extracts of aqueous ethanol (Fig. 2-5B) were
generally lower than the corresponding samples extracted using aqueous methanol (Fig.
2-5A), especially at high alcohol concentrations. This again may have resulted in a poorer
solubility of dairy proteins from the 2.5% nisin preparation in aqueous ethanol than in
aqueous methanol because of the difference in solvent polarity, as discussed above.
The extracts were also analyzed by SDS-PAGE. For methanol treatments (Fig. 2-6A),
bands corresponding to impurity proteins gradually diminished and the band corresponding to
nisin maintained similar intensity when the methanol concentration was increased up to 80%.
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When the methanol concentration was 90%, only the nisin band was visible. The ethanol
treatments showed a similar SDS-PAGE pattern (Fig. 2-6B) but the bands had lower optical
intensity than the corresponding methanol samples (Fig. 2-6A) because of the lower amounts
of proteins in extracts. For extracts prepared by 90 and 100% ethanol, no visible bands were
observed.
2.4.5. Purification factor (PF)
The PF, as defined in Eq. 4, depends on the yield of nisin extraction and the abundance
of impurities in extracts. The PFs for the extraction conditions studied are shown in Fig. 2-7A
for methanol treatments and Fig. 2-7B for ethanol treatments. For methanol treatments (Fig.
2-7A) at a solids concentration other than 1 MSMS, the PF generally followed the changing
trend of the yield when methanol concentration was increased, and the best PF (= 3.0) was
observed at 6 MSMS and 80% methanol. Some conditions however had a PF smaller than 1,
i.e. no purification that resulted from either a low yield or a high protein content. At 1 MSMS,
the PF increased with methanol concentration until at 90% methanol, followed by a decrease
at 100% methanol. For the extract prepared from 90% methanol at 1 MSMS, a yield of 91.0%
(Fig. 2-4A) and a protein concentration of 35.8 g/mL (Fig. 2-5A, 17% of the 2.5% nisin
preparation) were observed that corresponded to a PF of 5.3. Therefore, a simple extraction
using 90% methanol at 1 MSMS can improve the purity of nisin preparation by 5.3 times.
For treatments with an ethanol concentration (Fig. 2-7B), the PF generally increased
with an increase in ethanol concentration at a same solids concentration and reached a
maximum at 70% ethanol. Because yields were generally the highest at 50% ethanol for
treatments with a same solids concentration (Fig. 2-4B), the highest PF corresponding to 70%
ethanol resulted from a more significant decrease in protein content (Fig. 2-5B) than a
decrease in the yield (Fig. 2-4B) when the ethanol concentration was increased from 50% to
70%. The best PF of 5.5 was observed for the extract prepared from 70% ethanol and 2
MSMS that corresponded to a yield of 84.7% and a protein content of 77 g/mL (18.3% of
the 2.5% nisin preparation). Because ethanol is generally-recognized as safe (GRAS) and
methanol is not GRAS, 70% ethanol and 2 MSMS are recommended for future studies.
46

Although the yield was slightly lower, the extraction capacity of 70% ethanol (2 MSMS) was
twice that of the 80% methanol (1 MSMS), whiling achieving slightly better purification (5.5
vs. 5.3 times).
2.4.6. Concentrated products after spray drying
To prepared powdered products with a higher nisin concentration, extracts were prepared
at recommended conditions (2 MSMS in 70% ethanol) and spray-dried with or without prior
evaporation of ethanol. Direct spray drying the extract resulted in a sample with a specific
activity of 22,370 IU/mg protein that was lower than the specific activity of the extract before
spray drying (25,956 IU/mg protein) but was 4.7 times that of the 2.5% nisin preparation
(4,761 IU/mg protein). For the sample prepared after evaporation at 90C, the specific
activity was 5295 IU/mg protein. In contrast, the sample prepared at a lower evaporation
temperature of 50C had a specific activity of 21,150 IU/mg protein that was slightly lower
than that of the sample prepared by direct spray drying but was higher than that prepared at a
higher evaporation temperature. Evaporation of ethanol prior to spray drying enables the
recovery of ethanol for reuse of the solvent (and thus reduces extraction costs) and eliminates
the flammability hazard of 70% ethanol, making the processes more industrially practical.

2.5. Conclusions
Nisin extraction was found to be a function of alcohol concentration, alcohol type, and
solids-to-liquid ratio during extraction. An intermediate alcohol concentration corresponding
to intermediate polarity enabled the optimum extraction, while a poorer extraction was
observed at a higher solids-to-liquid ratio. The recommended conditions (2 MSMS in 70%
ethanol) increased the purification by 5.5 times after direct extraction that can be further
prepared into a powdered products with (4.4 times) more concentrated nisin, while recovering
ethanol for reuse. Findings from this work may lead to an industrially feasible approach to
concentrate nisin for applications such as encapsulation or film/coating preparations.
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Appendix
Table 2-1. Parameters of standard curves generated from nisin standard solutions in different
alcohol concentrations used in agar diffusion assay

Alcohol% in nisin

Slope (a)1,2

Intercept (b)2

Coefficient of
determination (R2)

standard solutions
0% methanol

0.3514B

– 0.0504

0.994

10% methanol

0.36778B

– 0.1108

0.989

50% methanol

0.3316B

0.0009

0.986

60% methanol

0.3131B

0.061

0.981

70% methanol

0.4777A

– 0.2508

0.965

80% methanol

0.5487A

– 0.3611

0.977

90% methanol

0.5043A

– 0.2899

0.989

0% ethanol

0.3641C

– 0.04255

0.990

10% ethanol

0.3671C

– 0.04375

0.990

50% ethanol

0.6047A

– 0.4872

0.981

60% ethanol

0.6224A

– 0.5143

0.983

70% ethanol

0.5828AB

– 0.4142

0.973

80% ethanol

0.4542BC

– 0.1077

0.935

90% ethanol

0.4657BC

– 0.179

0.989
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Figure 2-1. Inhibition zone diameters of standard nisin solutions in aqueous methanol (A) or
ethanol (B). Standard nisin solutions were prepared by diluting a nisin stock solution with
10,000 IU/ml in 20 mM HCl to different nisin and alcohol concentrations. Samples with 0%
alcohol were diluted from the stock solution using 20 mM HCl.
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Figure 2-2. Isobolograms illustrating three potential combinational results of two
antimicrobials (A). Isobolograms are shown for nisin and ethanol (B) and nisin and methanol
(C).
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Figure 2-3. Extraction kinetics of nisin from a 2.5% preparation at a solids concentration of 1
mg/mL using 60-85% aqueous methanol (A) or ethanol (B).
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Figure 2-4. Yields of extraction using different concentrations of methanol (A) or ethanol
(B). The 2.5% nisin preparation was suspended in aqueous alcohol at different solids
concentrations.
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Figure 2-5. Protein concentrations of extracts prepared using different concentrations of
methanol (A) or ethanol (B). The 2.5% nisin preparation was suspended in aqueous alcohol at
different solids concentrations.
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Figure 2-6. SDS-PAGE of extracts prepared from a solids concentration of 1 mg/mL in
different concentrations of methanol (A) or ethanol (B). The number under each lane
represents the corresponding alcohol concentration during extraction.
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Figure 2-7. Purification factors from extraction using different concentrations of methanol
(A) or ethanol (B). The 2.5% nisin preparation was suspended in aqueous alcohol at different
solids concentrations.
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Chapter 3 . Effect of pH and ionic strength on
release kinetics of nisin from zein capsules
spray-dried at different temperatures
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3.1. Abstract
Nisin is an effective antimicrobial against a broad spectrum of Gram-positive bacteria. It
has been proposed that reduced efficacy of nisin in foods can be improved by technologies
such as encapsulation to protect it from interferences by food matrix components. The
potential of spray drying, a one-step, simple, low-cost and scalable technology, was studied
in this work for encapsulation of nisin in zein microcapsules at four inlet temperatures
between 75 and 120 °C. At 95 C and above, no apparent loss of nisin activity was noticed
after spray drying. At pH 6.0, burst release of nisin was impacted by spray drying
temperature more than equilibrium release, possibly due to influences on capsule structures.
At pH 2.0, complete release of nisin in 30 min was observed, contrasting to limited release
over 8 d at pH 8.0. Capsules produced at an inlet temperature of 105 C showed the most
sustained release of nisin at pH 6.0. For these capsules, sustained release of nisin to >80%
was observed at pH 6.0 and 8.0 when NaCl was used at 0.5 M. Capsules showing sustained
release of nisin may be used in appropriate food products to enhance the antimicrobial
effectiveness.
Keywords: nisin, zein, encapsulation, spray drying, inlet temperature, release kinetics, pH,
ionic strength.
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3.2. Introduction
Nisin is a well-known bacteriocin inhibitory against a broad spectrum of gram positive
bacteria such as Listeria monocytogenes. However, numerous studies reported much reduced
antimicrobial efficiency of nisin when applied in foods, possibly due to binding with food
matrix components that makes the antimicrobial unavailable to inactivate microorganisms
(1-5). Encapsulation of nisin within capsules reduces the interactions of nisin with food
components and may improve its antimicrobial properties in foods (6-8). Liposomes (9, 10)
and synthetic polymers such as poly (L-lactide) (11, 12) have been reported as effective
carrier materials to produce particulate delivery systems of nisin. Particularly, Salmaso et al.
(12) demonstrated that sustained release of nisin from poly(L-lactide) nanocapsules inhibited
the growth of Lactobacillus delbrueckeii over 45 days, in comparison to ca. 4 days for
unencapsulated nisin. In addition, nisin incorporated in food biopolymer films has been well
studied (13-16) to enhance its effectiveness against microorganisms contaminating solid food
surfaces.
However, much work is needed to develop low-cost and scalable technologies to produce
particulate delivery systems. Spray drying is such a technology to obtain dry products and is a
popular encapsulation method in the food industry (17-21). Recently, spray drying has been
applied to research delivery systems for food ingredients such as antimicrobials, antioxidants,
edible-oils, flavors and nutrients (22-26). These delivery systems have the potential to
improve stability of food ingredients during processing and storage and activity of bioactive
compounds in food matrices and/or after ingestion.
Besides processing technologies, low cost, abundant, sustainable, and flavor-bland food
biopolymers are needed to produce affordable delivery systems of nisin for food applications.
Zein, alcohol-soluble protein (prolamins) extracted from maize kernels, has been studied as a
novel and feasible carrier polymer for a variety of bioactive compounds (23, 27, 28). The cost
of zein with 90% purity can be reduced to $4.4/kg or $2/pound if zein is recovered as a
co-product from dry-grind ethanol using preparative-scale size exclusion chromatography
(29). About 13 million kg of zein can be recovered when 50 million gallons of ethanol is
63

produced per year. Further, the bland flavor of zein is well-known (30). Particularly relevant
to this work, spray drying was used to encapsulate lysozyme, an antimicrobial protein
naturally occurring in foods such as hen egg white, in zein capsules in our early study, and an
appropriate spray drying formulation resulted in capsules that demonstrated sustained release
of lysozyme over 49 days at pH 6.0 (23).
Because antimicrobial compounds vary in structures and physicochemical properties, our
previous conditions established for lysozyme may not be applicable to nisin. The objective of
this work was to characterize release profiles of nisin from zein capsules produced at
different spray drying temperatures. Spray drying temperature directly impacts the degree and
rate of solvent removal from atomized droplets and thus moisture content of spray-dried
products (17, 18, 31). The rate of solvent removal at different temperatures impacts surface
and internal structure of spray-dried particles (17, 18) that may provide different resistances
to the diffusion of an encapsulated compound to the surrounding solvent and thus release
characteristics. Because food systems vary significantly in pH and ionic strength,
nisin-loaded capsules produced at different temperatures were characterized at different pH
conditions, and the impact of ionic strength was characterized for the treatment showing the
most sustained release of nisin at pH 6.0. The release profiles established in this work can be
used as guidelines to identify applicability of a particular nisin delivery system in appropriate
food products.

3.3. Materials and Methods
3.3.1. Materials
The 2.5% nisin preparation was a product from MP Biomedicals, LLC (Solon, Ohio).
The product specifications indicate a nisin content of 2.5% and 1,000 IU/mg solids, 75%
sodium chloride, and 22.5% denatured milk solids. Ethanol (200 proof) and zein were
purchased from Acros Organics (Morris Plains, NJ). Compounds used in nisin activity assays
were products of Becton, Dickinson and Company (Sparks, MD). Other chemicals were
obtained from Sigma-Aldrich Corp. (St. Louis, MO).
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3.3.2. Encapsulation by spray drying
The 2.5% nisin preparation was suspended at a concentration of 6 mg solids per mL of
50%v/v aqueous ethanol. After mixing for 6 h using a stirring plate, the suspension was
centrifuged at 1,520×g for 5 min (model Tabletop Centrifuge E9, Beckman, Palo Alto, CA).
The transferred supernatant (extract) was constituted to 70%v/v ethanol to dissolve zein at a
concentration of 2%w/v. A bench-top spray dryer (mini spray dryer B-290, BÜCHI
Corporation, Flawil, St. Gallen, Switzerland) was used to dry the solution at a feed rate of
5.26 mL/min and an aspirator setting of 100%. Four inlet temperatures, i.e.75, 95, 105, and
120 °C were studied, corresponding to an outlet temperature 42, 59, 68 and 76 °C,
respectively.
3.3.3. Evaluation of encapsulation properties
Spray-dried samples were evaluated for these parameters:
Encapsulation efficiency. Encapsulation efficiency was defined as in Equation 1 to compare
total nisin units in a spray-dried product and the corresponding nisin units used in spray
drying.
Encapsulation efficiency %=

total nisin units in a collected product
×100% (1)
total nisin units in the feed

The total nisin activity in unit mass of capsules was determined by dissolving 4 mg powder in
70%v/v aqueous ethanol for the below assay.
Mass yield. Mass yield defined in Equation 2 was used to calculate percentages of the
collected mass of spray-dried products with reference to the non-solvent mass in the
corresponding solution (feed) before spray drying.
Mass yield %=

mass of collected product
× 100%
nonsolvent mass in the feed

(2)

Specific activity ratio. The numerator in definition of encapsulation efficiency (Equation 1)
may not accurately reflect the performance of a spray drying operation because a portion of
powders sticking to spray dryer chambers was not collected and this portion influences the
numerator significantly due to a small quantity of materials spray-dried. It may be a fairer
comparison using the number of nisin units in unit mass of non-solvent compounds, named as
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nisin specific activity (SA) analogous to that of enzymes (units per mg protein) in protein
purification. SA ratio was used to compare SA changes before and after spray drying:
Specific activity ratio %=

SA in spray - dried capsules
× 100%
SA in the feed

(3)

3.3.4. Total solids content of capsules
The total solids content of capsules was determined using the AOAC Official Method
925.09 (32). Vacuum drying was performed at 100 ºC and 500 mmHg under-pressure till a
constant weigh (in approximately 5 h). The weight of each sample before and after drying
was used to calculate the total solids content.
3.3.5. In vitro release kinetics
Sodium phosphate buffer (20mM) was prepared at pH 2.0, 6.0 and 8.0 and 0, 0.1, 0.3 and
0.5 M NaCl. All samples were evaluated at three pH conditions without additional NaCl, and
the sample prepared at a spray-drying inlet temperature of 105 C was additionally evaluated
for the impact of ionic strength. The protocol in our previous work was adopted (23). Briefly,
4 mg spray-dried powders were suspended in 1 mL of buffer in 1.5 mL micro-centrifuge
tubes that were continuously mixed using an end-to-end shaker (Lab Industries Inc.,
Berkeley, CA) at room temperature. At a predetermined time point, samples were centrifuged
at 14,500×g for 5 min (model MiniSpin, Eppendorf AG, Hamburg, Germany) and 700 µL
supernatant was taken for determination of nisin activity. 700 µL of the corresponding fresh
phosphate buffer was then added to the remaining dispersions that were re-suspended for
continued release studies.
The cumulative release of nisin at a certain time point was calculated using the following
equation:
i 1

Rt i (%) 

a
n 1

n



Uo

10
ai
7

100 %

where Rti (%) is the cumulatively released nisin at time ti, the ith time of sampling; ai is the
nisin concentration (IU/mL) in the supernatant at the sampling time ti; and Uo is the total
nisin activity units in 4 mg powder (corresponding to 100% release).
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(4)

3.3.6. Determination of nisin activity
Nisin activity of samples was determined by the standard agar diffusion assay (33, 34)
using Micrococcus luteus ATCC 10240 as an indicator microorganism. Because synergistic
activity was observed for nisin and 70% ethanol (7), two standard curves were constructed
for samples with solvents of water and 70% aqueous ethanol using two series of nisin
standard solutions. To constitute nisin standard solutions, a stock solution was prepared by
dissolving 0.1 g of the 2.5% nisin preparation in 10 mL of 20 mM HCl, i.e., 10,000 IU/mL.
20 mM HCl or different volumes of ethanol and sterile water were used to dilute the stock
solution to a nisin concentration of 50-1500 IU/mL. Nisin solutions were loaded into wells of
agar gels and incubated at 35 ºC for 24 h. Inhibition zone diameters in agar gels
corresponding to standard solutions were measured and used to generate a semi-log plot, and
a linear regression from the plot resulted in a standard curve taking the form of:
D = a log10 [Nisin] + b

(5)

where D is the diameter of the inhibition zone after baseline subtraction; [Nisin] is the
concentration of nisin in IU/ml; a and b are the slope and intercept from the linear regression,
respectively.
Nisin samples prepared from encapsulation products were incubated together with
standard solutions at 35 ºC for 24 h. Two sample replicates were used, each loaded in 4 well
replicates in agar gels. The average of 8 inhibition zone diameters from each sample was used
to estimate nisin activity using an appropriate standard curve.
3.3.7. Scanning electron microscopy (SEM)
A LEO 1525 SEM microscope (LEO Electron Microscopy, Oberkochen, Germany) was
used at the University of Tennessee, Knoxville. A powdered sample was glued directly onto
an adhesive tape mounted on the specimen stub and sputter-coated with a gold layer with
approximately 5 nm in thickness before imaging. In addition, the internal particle structures
were imaged after fracturing particles using a sharp blade (23). Image J software from
(Bethesda, MD) was used to analyze particle diameters based upon SEM images.
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3.3.8. Statistical analysis
All experiments were completed in duplicates. Significant differences were analyzed
with a least-significant-difference (P<0.05) mean separation method. The Statistical Analysis
Software (V9.2, SAS Institute, Cary, NC) was used to carry out the statistical analysis.

3.4. Results and Discussion
3.4.1. Encapsulation properties impacted by spray drying temperature
Parameters defined to evaluate encapsulation performance of samples produced at
different spray-drying inlet temperatures are summarized in Table 3-1. Generally speaking,
samples generated at a higher spray drying temperature had a lower particle yield. During
experimentation at a higher temperature, it was noted that a greater amount of particles stick
to the drying chamber and became uncollectable, resulting in a reduced particle yield. Total
solids contents of all samples were higher than 97%, indicating almost complete evaporation
of solvent. A higher spray drying temperature corresponded to a significantly (P = 0.015)
higher total solids content as expected, because of more complete removal of solvent at a
higher temperature. The impact of spray drying temperature on encapsulation efficiency was
similar to that on mass yield, except sample A. When comparing SA ratios of samples,
sample A had a SA ratio of 72.53%, indicating approximately 73% of nisin maintained
activity if all compounds in the feed precipitated proportionally during spray drying, while
other samples had a SA ratio greater than 100% that suggested a complete retention of nisin
activity. Nisin is a relatively heat stable bacteriocin (35) and >80% of nisin activity was
sustained in the melting step of manufacturing processed cheese (36). A longer time is
needed to dry atomized droplets at a lower temperature that may have resulted in a lower SA
ratio for samples prepared at a lower spray drying inlet temperature. At a temperature of 95
C or higher, the drying may be fast enough to cause negligible impact on nisin stability at
the studied conditions.
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3.4.2. Effect of pH on release kinetics of nisin from zein capsules produced at different spray
drying temperatures
Release kinetics of nisin from zein capsules is showed in Fig. 3-1. All samples had
complete release of nisin in 30 min at pH 2.0. At pH 6.0, capsules produced at 75, 95, 105
and 120 °C had cumulative release of 55-70, 45-65, 45-73, and 30-42% in 3 days,
respectively. At pH 8.0, cumulative release of nisin was 9-16, 9-16, 8-15, and 8-16% for four
spray drying temperature treatments. SEM images (Fig. 3-2) showed that samples spray dried
at a higher temperature had larger particles, similar to observation of Alamilla-Beltra´n et al.
(17). Internal structures of capsules indicated that aggregated structures are less uniform at a
higher spray drying temperature (Fig. 3-3), possibly due to quicker precipitation of polymers
at a higher temperature (37, 38).
As discussed previously, both capsule structure and molecular interactions between
carrier polymer and encapsulated compound are important factors impacting release profiles
(23). The isoelectric point (pI) of zein is 6.8 (39) and that of nisin is 8.8 (40). At pH 2.0, both
zein and nisin are extensively positively charged and the electronic repulsion facilitates the
diffusion of nisin from particles to the liquid phase. Therefore, 100% of release was observed
in 30 min. When pH was 6.0, less than 100% of nisin release was observed for all capsules,
possibly due to the significance of hydrophobic interactions because both nisin and zein are
more hydrophobic at pH 6.0 than pH 2.0. At pH 8.0, electrostatic interactions between zein
and nisin become attractive, since nisin is positively charged and zein is negatively charged.
The electrostatic attraction, together with hydrophobic interactions, may have caused less
than 20% release in 8 d at pH 8.0.
Another important factor in interpreting release profiles of nisin is its solubility and
activity as affected by pH because the literature shows reduced solubility and activity of nisin
at a higher pH (41). The solubility of nisin at pH 6.0 and 8.0 is 1.5 and 0.25 mg/mL,
respectively (42). In our experiments, the maximum nisin concentration in 1 mL of the
release buffer was 0.018 mg/mL (equivalent to 714 IU/mL), much lower than the solubility of
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nisin at both pH 6.0 and 8.0. Therefore, the solubility of nisin at pH 6.0 and 8.0 should not
have caused less than 100% release of nisin in our study.
Stability of nisin in aqueous solutions at pH 2.0-8.0 also is to be considered because
Rollema et al. (43) showed significant losses of nisin activity during incubation at different
temperatures. Based on estimation of the first time points from their plot showing residual
nisin concentrations during incubation at 20 C, nisin concentration, quantified by reverse
phase high performance liquid chromatography, was reduced to 65% after 28 d at pH 2.0,
68% after ~9 d at pH 6.0, and 40% after ~7 d at pH 8.0. Because our time points were much
shorter than the first time points of Rollema et al. (43) and 70% of released nisin was taken
out of buffers at each sampling, it remains a future question about the significance of impacts
of nisin stability on our release studies. Impacts at pH 2.0 are expected to be negligible as
100% release was observed at the first time point of 30 min.
Because Fig. 3-1 did not show impacts of spray drying temperature on release profiles at
pH 2.0 and 8.0, nisin release profiles are discussed for pH 6.0 only. Generally speaking, burst
release indicated at the first time point of 30 min was 55, 45, 45, and 30% for capsules
produced at 75, 95, 105, and 120 ºC (Fig. 3-1), respectively and was statistically different (P
< 0.05). SEM images in Figs. 3-2 and 3-3 show smaller particles and less heterogeneous
aggregates, thus a larger specific surface area, of capsules produced at a lower temperature.
The larger surface area for internal nisin diffusing out of capsules increases the mass transfer
rate, resulting in more complete release of nisin at the first time point of 30 min.
Capsules produced at 75-105 ºC did not show statistical difference (P > 0.05) in
equilibrium release that was significantly higher than that from the capsules produced at 120
ºC (P < 0.0001). Because the same solution was used in spray drying, we expect similar
molecular interactions for different treatments and thus equilibrium release. We could not
explain why the 120 C treatment behaved differently.
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3.4.3. Effect of ionic strength on nisin release kinetics
Effect of ionic strength on nisin release kinetics was evaluated for the sample produced
at an inlet temperature of 105 °C since this sample demonstrated the most sustained release at
pH 6.0 (Fig. 3-1C). Release profiles at three increased ionic strengths – 0.1, 0.3, and 0.5 M
NaCl are shown in Fig. 3-4. At pH 2.0, 100% release was observed for all treatments. At pH
6.0, cumulative release in 72 h was 35-55, 42-63, and 39-88% when NaCl was used at 0.1,
0.3, and 0.5 M, respectively, compared to 45-73% when no additional NaCl was included
(Fig. 3-1C). The percentage of nisin release at 30 min was smaller at an increased ionic
strength but no statistical difference was noticed (P > 0.05). The equilibrium release was first
reduced when NaCl was increased from 0 to 0.1 M, followed by an increase at 0.3 and 0.5 M
NaCl. At pH 8.0, cumulative release in 72 h was 9-20, 19-25 and 19-83% (Fig. 3-4) when
NaCl was used at 0.1, 0.3, and 0.5 M, respectively, compared to 8-15% when NaCl was not
used (Fig. 3-1C). Burst release of nisin at 0 and 0.1 M NaCl was not statistically different (P
> 0.05) and was significantly lower than those at 0.3 and 0.5 M NaCl (P <0.05). Equilibrium
release did not show statistical difference (P > 0.05) except at 0.5M NaCl.
The impact of ionic strength on solubility of nisin A and Z at pH 3-8 and 20ºC was
studied by Rollema et al. (43). The authors observed lower solubility of nisin at a higher pH
and an increased ionic strength up to ~ 1 M, above which the solubility of nisin dropped to
below 1 mg/mL and was not apparently impacted by pH. Because reduced solubility at a
higher ionic strength enhances hydrophobicity of nisin and thus attraction by water-insoluble
zein, reduced equilibrium release is expected at an increased ionic strength. But this is
opposite to our results in Fig. 3-4. As we discussed above, the maximum nisin content in our
release study was 0.018mg/mL, much smaller than the solubility of nisin quantified by
Rollema et al. (43). Therefore, the solubility of nisin may not have been a significant factor
impacting equilibrium release in the studied conditions.
Impacts of ionic strength on molecular interactions and protein solubility are well known.
The former is known as reduced effective distance of electrostatic interactions because of
reduced Debye length at a higher ionic strength. The latter is described in the classic protein
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biochemistry to be ―salting-in‖ and ―salting-out,‖ i.e., an increase in solubility followed by a
decrease, when ionic strength is gradually increased. As discussed above, the solubility of
nisin decreases monotonically with an increased NaCl concentration at 0-1.0 M (43) and
hydrophobic interactions are significant at pH 6.0 and 8.0 because of vicinity to pI of zein
and nisin, respectively. The impact of NaCl concentration on properties of zein is discussed
below for possible impact on nisin release properties in Fig. 3-4.
Bai et al. (45) developed a novel aqueous two phase system to separate proteins, where
the principle is the preferential partitioning of a protein in two phases by hydrophobicity. The
top phase was rich in n-butanol that is expected to be a solvent of zein, while the bottom
phase varied in (NH4)2SO4 concentration. At equilibrium, the protein concentration at the top
phase was normalized by that at the bottom phase to obtain a partition coefficient (Kr) to
indicate the preference of a protein in one of the two phases. Kr was higher than 90 at a
(NH4)2SO4 range of 0.05-0.35 g/mL or an ionic strength of 1.14-7.95 M, indicating most zein
was at the top butanol phase. Within this ionic strength range, a decrease in Kr was observed
when (NH4)2SO4 concentration was increased to 3.24 M, followed by a increase when ionic
strength was increased further. Although the authors did not indicate the system pH, changes
of Kr affected by (NH4)2SO4 concentration indicate zein hydrophobicity is the lowest at an
intermediate ionic strength. The magnitude of this intermediate concentration is expected to
be a function of properties of the solvent system, e.g., solvent polarity, pH, and ion type.
Although the ionic strength in this work was well-below that of Bai et al. (45), zein is more
hydrophobic at pH 6.0 than at pH 2.0 and 8.0, and the equilibrium release of nisin at pH 6.0
and 0-0.5 M NaCl followed the same trend of hydrophobicity impacted by ionic strength
observed by Bai et al. (45): the lowest equilibrium was observed at 0.1 M NaCl. While at pH
8.0, zein is less hydrophobic than at pH 6.0, and the monotonic increase in equilibrium
release at an increased ionic strength may have been caused by reduced hydrophobicity of
zein, more significantly noticeable at 0.5 M NaCl.
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3.5. Conclusions
Our work showed that spray drying is an efficient and simple method to encapsulate
nisin. At a sufficiently high inlet temperature, no apparent loss of nisin activity was noticed.
At pH 6.0, spray drying temperature impacted burst release of nisin more than equilibrium
release from corresponding capsules, possibly due to influences on capsule structures.
Complete release of nisin in 30 min and limited release over 8 d was observed at pH 2.0 and
8.0, respectively, due to significance of molecular interactions. An inlet temperature of 105
ºC corresponded to capsules with most sustained release of nisin at pH 6.0 for the four spray
drying temperatures studied. Release profiles of nisin were further affected by ionic strength
and more complete and sustained release at pH 6.0 and 8.0 was observed at 0.5 M NaCl.
These capsules may be suitable for applications in high salt foods such as salad dressings,
ketchups, and soups (46).
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Appendix
Table 3-1. Summary of encapsulation performance of samples spray-dried at different
temperatures.

Inlet

Mass yield

Total

Encapsulation

Nisin specific

Sample

temp (ºC)

(%)

solids (%)

efficiency (%)

activity ratio (%)

A

75

72A

97.40C

36.653C

72.53C

B

95

72A

97.94BC

57.89A

116.42B

C

105

67B

98.31B

54.07A

124.64B

D

120

60C

99.59A

49.05B

137.38A

79

(A)

Cumulative release (%)

100

80

60

pH 2.0
pH 6.0
pH 8.0

40

20

0
0

50

100

150

200

Time (h)

(B)

Cumulative release (%)

100

80

60

pH 2.0
pH 6.0
pH 8.0

40

20

0
0

50

100

150

200

Time (h)
Figure 3-1. Release kinetics of nisin from zein capsules produced by spray-dring at an inlet
temperature of (A) 75, (B) 95, (C) 105 and (D) 120 °C. Error bars are standard deviations
from 2 replicates.
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Figure 3-2. SEM images of nisin-loaded zein capsules produced by spray drying at an inlet
temperature of (A) 75, (B) 95, (C) 105 and (D) 120 °C.
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(A)

(B)

(C)

(D)

Figure 3-3. SEM images showing internal structures of nisin-loaded zein capsules produced
by spray drying at an inlet temperature of (A) 75, (B) 95, (C) 105 and (D) 120 °C. Capsules
were fractured by using a sharp blade before imaging.
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Figure 3-4. Release kinetics of nisin from zein capsules produced by spray drying at an inlet
temperature of 105 °C. Capsules were suspended in phosphate buffers adjusted to pH 2.0,
6.0, and 8.0 and three ionic strengths: (A) 0.1, (B) 0.3, and (C) 0.5 M NaCl. Error bars are
standard deviations from 2 replicates.
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Chapter 4 . Effect of intrinsic Tween 20 and
glycerol on in vitro release kinetics of nisin from
spray-dried zein capsules

86

4.1. Abstract
Nisin is a commonly used antimicrobial but its direct application in food systems has
compromised efficacy during storage. Delivery systems with sustained release of
antimicrobials are needed to improve long-term effectiveness of antimicrobials. In this work,
we studied the effect of Tween 20 and glycerol in spray-drying formulations on resultant
microstructures of zein capsules and release profiles of encapsulated nisin. The known
plasticization function of Tween 20 and glycerol changed capsules from a continuous matrix
to shell-type structures. All samples showed complete release of nisin in 30 min at pH 2.0,
while Tween 20 and glycerol intrinsic in capsules have different impacts on release profiles of
nisin at pH 8.0: capsules with a higher amount of Tween 20 showed more complete release of
nisin at pH 8.0, in contrast to no apparent impact by glycerol. Addition of 0.05% Tween 20 or
glycerol in the feed both reduced the burst release of nisin at pH 6.0, but no conclusive trends
were observed for the impact of their usage levels. Our work showed that small molecules
can be included in spray-dried capsules to modulate release properties of nisin to design
delivery systems.

Keywords: nisin, zein, spray drying, Tween 20, glycerol, capsule structure, release properties.
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4.2. Introduction
Nisin is an effective bacteriocin against Gram positive bacteria. However, the reduced
antimicrobial efficacy of nisin when applied in foods has been frequently observed, possibly
due to specific and/or nonspecific binding with food components (1-5). Delivery systems
with sustained release of antimicrobials have been proposed as a possible solution to enhance
their bioavailability in foods. Several studies applied biopolymeric capsules or films to
improve the antimicrobial effectiveness of nisin (6-13). Ideal antimicrobial delivery systems
are produced using cost-effective ingredients and processes, and the carrier material should
be abundant and easily available and pose no undesirable flavor. Zein, alcohol-soluble
proteins (prolamins) extracted from maize kernels, is insoluble in water, abundant, and bland
in flavor (14, 15). As such, zein was used in several studies as a carrier polymer of delivery
systems (15-20).
Nisin was incorporated in zein films in a few studies (21,22). In contrast to ascorbic acid
loaded in zein films, the diffusion rate of nisin from zein films was 100 times lower (21). This
low diffusion rate is attractive for situations where sustained release of nisin is desired. In our
earlier study (18), lysozyme, another antimicrobial, encapsulated in spray-dried zein capsules
was observed to be gradually released by 65% over 49 d at pH 6.0. This suggests the
feasibility of zein as a carrier polymer to produce food grade delivery systems with sustained
release of antimicrobials. Furthermore, spray drying is a quick, simple, low-cost, and
one-step method to obtain dry products and is a popular encapsulation method in the food
industry (23-27). It is therefore possible to manufacture cost effective delivery systems of
nisin using spray drying as an encapsulation method and using zein as a carrier polymer.
However, our conditions previously established for lysozyme did not enable sustained release
of nisin from zein capsules in our preliminary study, possibly due to variations in
physicochemical properties of the two antimicrobials. Our major objective in this work was
to re-establish parameters enabling sustained release of nisin from spray-dried zein capsules.
Specifically, the objectives of this work were to study the impacts of co-encapsulated
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polyoxyethylene sorbitan monolaurate (Tween 20) and glycerol on release kinetics of nisin
from spray-dried zein capsules. Tween 20 is a non-ionic surfactant that was previously
reported to have modified microstructure of spray-dried poly(lactide-co-glycolide)
microcapsules and improved release completeness of the encapsulated insulin (28). Glycerol
is a commonly used plasticizer that reduces glass transition temperatures of proteins and
polysaccharides (14, 29, 30), including zein (22), for improved mechanical and barrier
properties of biopolymeric films. Glycerol was also reported to facilitate the wall structure
formation of capsules of hydroxypropylmethylcellulose and release properties of
encapsulated theophylline (31).

4.3. Materials and Methods
4.3.1. Materials
The nisin preparation, labeled as 1,000 IU/mg solids, was purchased from MP
Biomedicals LLC (Solon, Ohio). According to the manufacturer, the sample contained 2.5%
nisin, 75% sodium chloride and 22.5% denatured milk solids. Ethanol (200 proof) was a
product from Fisher Scientific (Fair Lawn, New Jersey). Zein was purchased from Acros
Organics (Morris Plains, NJ). Tryptic soy broth (TSB), peptone, agar and yeast extract were
products of Becton, Dickinson Company (Sparks, MD). Other chemicals were obtained from
Sigma (St. Louis, MO).
4.3.2. Encapsulation by spray drying
The nisin preparation was dispersed to a concentration of 6 mg solids per mL in 50%v/v
aqueous ethanol. The slurry was vigorously agitated for 6 h using a stirring plate to fully
suspend particles. After centrifugation at 1,520×g for 5 min (model Tabletop Centrifuge E9,
Beckman, Palo Alto, CA), the supernatant (extract) was transferred and additional ethanol
was supplemented to an overall concentration of 70%v/v. Zein was then dissolved in the
extract to 2% w/v. Tween 20 (0.005-0.5%) or glycerol (0.05-0.5%) was also dissolved in the
mixture to a concentration as in Table 4-1. The final solution was spray-dried using a
bench-top spray dryer (model B-290, BÜCHI Corporation, Flawil, St. Gallen, Switzerland)
with the following parameters: a feed rate of 5.26 ml/min, an aspirator setting of 100%, and
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an inlet temperature of 105 °C. The outlet temperature during spray drying was
approximately 68 °C.
4.3.3. Evaluation of encapsulation performance
Definitions of encapsulation efficiency and mass yield of a spray drying experiment were
detailed previously in our work of encapsulating lysozyme (18), by comparing relevant
parameters in the solution used (feed) and the powdered sample collected:
Encapsulation efficiency %= total nisin units in a spray - dried sample ×100%

(1)

total nisin units in the feed

Mass yield %= mass of a collected product × 100%

(2)

non - solvent mass in the feed

Due to difficulties in collecting powders and a small sample mass in each batch,
encapsulation efficiency as defined in Equation (1) may not reflect the drying process
accurately. An additional parameter was calculated by comparing the specific activity (SA) of
nisin before and after spray drying, where SA of nisin was defined as nisin activity per unit
non-solvent mass:
Specific activity ratio %=

SA in spray - dried capsules
× 100%
SA in the feed

(3)

4.3.4. Total solids content of capsules
The AOAC Official Method 925.09 (32) was used to determine total solids content of a
spray-dried product. Samples were vacuum-dried at 100 ºC and 500 mmHg under-pressure
until a constant weigh was observed (in ~5 h). The total solids content was then determined
from the weight of a dried sample normalized by the corresponding sample weight before
vacuum drying.
4.3.5. In vitro release kinetics
1.5 mL micro-centrifuge tubes were used for release studies by suspending 4 mg
spray-dried particles in 1 mL of 20 mM sodium phosphate buffer that was pre-adjusted to pH
2.0, 6.0 or 8.0. Micro-centrifuge tubes were attached to an end-to-end shaker (Lab Industries
Inc., Berkeley, CA) and were continuously rotated at room temperature. At a preset time point,
samples were centrifuged at 14,500×g for 5 min (model MiniSpin, Eppendorf AG, Hamburg,
Germany), and 700 µL supernatant was sampled to determine nisin activity using the below
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method. 700 µL of the corresponding fresh phosphate buffer was supplemented to the
remaining sample that was then re-suspended for continued release studies. The cumulative
release of nisin was calculated according to the following equation:
i 1

Rt i (%) 

a
n 1

n



Uo

10
ai
7

100 %

(4)

where Rti (%) is the cumulatively released nisin at time ti, the ith time of sampling and ai is the
supernatant nisin concentration (IU/mL) corresponding to ti. Uo is the total nisin units in 4 mg
capsules, i.e., theoretical 100% release, determined separately after dissolving the same
amount of capsules in 70%v/v aqueous ethanol.
4.3.6. Determination of nisin activity
Determination of nisin activity using a standard agar diffusion assay (33) with
Micrococcus luteus ATCC 10240 as a test microorganism was detailed in our previous study
(34). Because of synergism between nisin and ethanol during the assay, two standard curves
were constructed: one for samples with phosphate buffers and the other for those dissolved in
70% ethanol. Briefly, a fresh stock solution was prepared by dissolving 0.1 g of the 2.5%
nisin preparation in 10 mL of 20 mM HCl, i.e., 104 IU/mL. Standard solutions were then
constituted to a nisin concentration of 50-1500 IU/mL using 20 mM HCl or different amounts
of sterile water and ethanol (to a final ethanol content of 70%v/v) as a diluent. Nisin standard
solutions were pipetted into bored wells in agar gels that were then incubated at 35 ºC for 24
h. Inhibition zone diameters were measured to generate a semi-log plot for construction of a
standard curve after linear regression:
D = a log10 [Nisin] + b

(5)

where D is the diameter (cm) of the inhibition zone after baseline subtraction, [Nisin] is the
concentration of nisin in IU/ml, a and b are the slope and intercept from the linear regression,
respectively.
Nisin samples from release studies were incubated in the same oven as the standard
solutions. Two sample replicates were tested, each loaded in 4 well replicates in an agar gel.
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The 8 inhibition zone diameters were used to calculate the average and standard deviation of
nisin concentrations for each sample using an appropriate standard curve.
4.3.7. Scanning electron microscopy (SEM)
A LEO 1525 microscope (LEO Electron Microscopy, Oberkochen, Germany) was used
in SEM experiments. The powdered sample was glued directly onto an adhesive tape
mounted on the specimen stub and sputter-coated with a 5 nm-thick gold layer before
imaging. In addition, particles were fractured using a sharp blade to expose internal particle
structures for imaging (18).
4.3.8. Statistical analysis
All experiments were completed in duplicate. Significant differences were analyzed with
a least-significant-difference (P < 0.05) mean separation method from duplicate samples. The
Statistical Analysis Software (V9.2, SAS Institute, Cary, NC) was used to carry out statistical
analysis.

4.4. Results and Discussion
4.4.1. Total solid content, particle yield, and encapsulation efficiency
Encapsulation performances of treatments are listed in Table 4-1. Generally speaking,
addition of Tween 20 did not change mass yields significantly, except sample D that had a
slightly higher particle yield. However, spray-dried capsules with Tween 20 (samples B-E)
had significantly lower total solids contents than the one without Tween 20, and the level of
Tween 20 usage did not significantly impact total solids content. Tween 20 is a hydrophilic
surfactant and demonstrates plasticization function in production of insulin-loaded
poly(lactide-co-glycolide) capsules by spray drying (28). Plasticizers increase desorption time
of water and the curing time of polymeric materials (35). Therefore, the reduced total solids
content for samples with Tween 20 was likely caused by its plasticizer role during spray
drying. But this speculation requires future experimental verification, as well as the cause of
no significant differences in total solids contents among treatments with different levels of
Tween 20. The addition of Tween 20 caused the lowered encapsulation efficiency and nisin
specific activity. Because there was no difference in mass yields of all treatments, the reduced
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encapsulation efficiency was likely caused by loss of nisin activity during spray drying as a
result of Tween 20 addition, which coincided with lowered specific activity ratio of the
corresponding samples. Quantitative explanation of results however will require future work.
Compared to Tween 20 treatments, samples with glycerol had significantly lower mass
yields (P <0.001) that coincided with observations of a larger quantity of sticky mass
accumulated on the cyclone wall during spray drying, which was not easy to be collected.
Samples with a lower mass yield also had a lower encapsulation efficiency. Total solids
contents of powdered samples with glycerol were lower than other treatments. In particular,
the treatment with the highest glycerol level (used at 0.5% in the feed) had total solids
content lower than 90%, indicating an insufficiently dried product. Glycerol is a known
hydrophilic plasticizer (14) and likely causes retention of moisture during spray drying, as
discussed above. In contrast to low encapsulation efficiency, the high nisin specific activity
ratio of glycerol treatments indicates little or no inactivation of nisin during spray drying and
the less than optimum encapsulation efficiency of samples was due to low mass yields.
4.4.2. Impacts of intrinsic Tween 20 on microstructure of zein capsules and release
properties of encapsulated nisin
SEM images in Fig. 4-1 show surface morphology of samples A-E that generally
demonstrated a smoother surface with an increased level of Tween 20 in capsules,
particularly sample E that had a much smoother surface than others. Internal structures of
capsules (Fig. 4-2) are consistent with observations from surface morphology in Fig. 4-1.
Impacts of surfactants on structures and burst release of the encapsulated compound have
been discussed in several studies (36-39). From surface chemistry perspective, small
molecular surfactants such as Tween 20 have straight hydrophobic hydrocarbon chains that
are more effective in lowering surface tension (40). They favorably adsorb onto an interface
and can even replace polymeric surfactants such as proteins that are already on the interface
(40). The favorable presence of non-ionic surfactants on atomized polymer solution droplets
was used to explain improved surface smoothness of spray-dried particles (36, 38, 39).
However, there are two time-scales to be considered: one is that for solidification of the outer
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layer solution of an atomized droplet and the other is that for diffusion of a sufficient amount
of surfactant molecules from inner continuous phase to the surface. Although not determined
in this work, surface compositions of capsules determined using advanced techniques such as
SEM-energy dispersive spectroscopy (41, 42) or electron spectroscopy for chemical analysis
(39, 43) may be used to determine preferential adsorption of compounds on spray-dried
particles. Another significant impact of surfactants is the modulation of protein-protein
interactions and plasticization of polymers (44, 45). This factor itself can result in a smoother
surface of spray-dried biopolymer particles at a higher concentration of surfactants. The
impact of plasticizers on glass transition temperature of zein is further discussed in the next
section for glycerol – a better-studied plasticizer.
Fig. 4-3 shows release kinetics of nisin from samples A-E prepared with different levels
of Tween 20. All samples had 100% release of nisin at the first time point of 30 min at pH 2.0.
At pH 6.0, all samples reached release equilibrium at the 3 d (72 h) time point. Samples A, B,
C and D had 45-73, 48-58, 28-56 and 60-65% cumulative release of nisin in 72 h,
respectively, while sample E showed complete release in 30 min. At pH 8.0, samples A, B, C,
D and E had 8-15, 5-13, 8-19, 34-36 and 80-90% cumulative release in 72 h, followed by no
apparent further increase.
Interpretation of release profiles as impacted by the amount of intrinsic Tween 20 is not
so straight forward. From mass transfer perspective, nisin has to diffuse through the capsule
matrix before being detected in the buffer. A more compact capsule structure, particularly for
sample E (Fig. 4-2), would suggest the slowest release of nisin for the sample with the
highest amount of Tween 20, which is opposite to observations at pH 8.0 in Fig. 4-3. When
discussing the impact of capsule microstructure on release properties, it should be noted that
microstructural changes are expected when capsules are dispersed in water. Zein is practically
insoluble at the buffer conditions in this study. Tween 20 however is soluble in water to a
concentration higher than 10% (www.fishersci.com). Some portion of Tween 20 is expected
to bind with nisin and zein and remains in capsules, while the diffusion of Tween 20 out of
capsules is likely accompanied by simultaneous structural changes of capsules. These
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straightforward speculations will require future experimental characterizations. We did notice
during experiments that capsules of sample E were dispersed more easily, possibly due to two
reasons: (1) a greater content of Tween 20 originally in capsules lowers overall
hydrophobicity of capsules, and (2) a larger amount of Tween 20 originally on the capsule
surface and that later adsorbed on hydrophobic zein particles reduces capillary pressure in
areas between particles that subsequently enables better wetting of particles.
Once capsules are suspended in a buffer, molecular interactions between nisin and
surrounding molecules also are expected to play an important role in release properties. The
isoelectric point (pI) of nisin and zein is 8.8 (http://us.expasy.org/tools/protparam.html) and
6.8 (47), respectively. Therefore, electrostatic interactions between nisin and zein are strongly
repulsive at pH 2.0, slightly repulsive at pH 6.0 (close to pI of zein), and slightly attractive at
pH 8.0 (close to pI of nisin). Because zein is very hydrophobic (insoluble in water) and nisin
is a relatively hydrophobic peptide (a grand average hydropathy of 0.415,
http://us.expasy.org/tools/protparam.html), hydrophobic interactions are expected to impact
release kinetics, especially at a pH nearby pI of the protein and peptide because of a reduced
amount of overall charges. Release characteristics at different pH conditions are to be
discussed by overall impacts of electrostatic and hydrophobic interactions. At pH 2.0 (far
away from pI), nisin is more hydrophilic than at pH 6.0 and 8.0 (the manufacturer
recommends 20 mM HCl or pH 1.7 to dissolve nisin) and is extensively charged. Strong
electrostatic repulsion may have been the dominant factor on release properties at pH 2.0,
which is in accordance with 100% release in 30 min for all samples in Fig. 4-3, regardless of
Tween 20 content.
Hydrophobic interactions are expected to play a significant role at pH 6.0 and 8.0, as
discussed above. It is well-known that non-ionic surfactants easily adsorb onto hydrophobic
patches on protein surfaces (44, 45), which reduces hydrophobic attraction between nisin and
zein in capsules. At pH 8.0, nisin is more hydrophobic than at two other lower pH conditions
and a larger amount of Tween 20 reduces its hydrophobic attraction with zein to a greater
extent, which enables quicker and more complete release of nisin (Fig. 4-3). Similar
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explanations are applicable for observations from sample E with the most Tween 20 that
reached 100% release at pH 6.0 at the first time point of 30 min. For samples B-C with lower
Tween 20 contents, nisin was released to a similar extent at equilibrium at pH 6.0 that was
slightly lower than that of sample A (without Tween 20), and only sample C demonstrated
less burst release and gradual release. This cannot be explained by the impact of molecular
interactions that are expected to be less attractive when a greater amount of Tween 20 is used.
As discussed above, future investigation of structural reorganization within zein capsules may
supply mechanistic understanding of nisin release profiles impacted by intermediate contents
of Tween 20.
4.4.3. Effect of intrinsic glycerol on microstructure of zein capsules and release properties of
encapsulated nisin
SEM images of capsules produced from feed solutions with 0.05, 0.1, and 0.5% glycerol,
referred to low, medium, and high levels hereafter, respectively, are shown in Fig. 4-4.
Compared to sample A without glycerol (Figs. 4-1A and 4-2A), no significant difference was
noticeable for surface morphology after incorporation of glycerol. Internal structures of
capsules did show impacts of glycerol (Fig. 4-4, right images). Particles without glycerol had
a continuous matrix (Fig. 4-2A), while those with glycerol appeared to have shell-type
structures showing increased heterogeneity at a higher level of glycerol.
Glycerol is a well-studied plasticizer (48) and is completely miscible with water.
Glycerol reduces glass transition temperature (Tg) of zein from 170-180ºC (29, 49) to ~60-80
ºC or lower, depending on the content of glycerol (29, 49). Although not determined, a
greater amount of glycerol reduces Tg to a lower value (29). The reduced Tg results in easier
solidification of zein during spray drying that may have caused shell structures of capsules
and more heterogeneous shell structures at a higher level of glycerol.
Release kinetics of nisin from capsules are shown in Fig. 4-4. All samples showed burst
release of 100% at pH 2.0. At pH 6.0, 26-71, 30-39, and 62-71% cumulative release was
observed for the low, medium, and high levels of glycerol treatments, respectively. While all
samples showed less than 20% release at pH 8.0 in 192 h (8 d), similar to the treatment
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without glycerol (sample A, Fig. 4-3A).
Glycerol has a low vapor pressure (163 Pa at 105 C, compared to 119,900 Pa of water
and 248,000 Pa of ethanol, http://webbook.nist.gov/chemistry/) and thus is expected to
remain in capsules. When capsules are suspended in buffers, outward diffusion of
water-miscible glycerol and inward diffusion of water are both expected. Both glycerol and
water plasticize zein (29, 49), and the mass transfer may cause different changes of capsule
internal structures at different levels of glycerol. Unlike Tween 20 that adsorbs onto
hydrophobic structures easily, glycerol has three hydroxyl groups and is very polar. This may
have resulted in similar release properties of nisin from all capsules at pH 2.0 and 8.0. For
capsules, the equilibrium percentages of nisin release at pH 6.0 for capsules with low and
high glycerol levels (Fig. 4-5) are similar to that without glycerol (Fig. 4-3A), indicating no
significant difference between molecular interactions that determine thermodynamic
properties at equilibrium. Compared to the treatment without glycerol (Fig. 4-3A), samples
with low and high levels of glycerol showed reduced (Fig. 4-5A) and increased (Figure 4-5C)
burst release at pH 6.0, respectively, while sample with a medium glycerol level however did
not follow the trends regarding the degrees of burst and equilibrium release. Again, structural
studies of capsules may provide some interpretations for release properties of nisin.

4.5. Conclusions
In summary, addition of Tween 20 and glycerol in the feed impacted the internal
structures of spray-dried capsules, possibly caused by their plasticization function
demonstrated in the literature. Treatments with 0.05% Tween 20 or glycerol in the feed both
reduced the burst release of nisin at pH 6.0. A higher amount of Tween 20 in capsules enabled
more complete release of nisin at pH 8.0, while glycerol did not show apparent impact at this
pH condition. Interpretation of nisin release characteristics as impacted by different levels of
glycerol and Tween 20 at pH 6.0 however requires future work. Nevertheless, this work
illustrates that small molecules intrinsic in spray-dried capsules significantly impact release
properties of nisin, which may help future work in designing delivery systems of this
important antimicrobial.
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Appendix
Table 4-1. Summary of encapsulation performances of spray drying experiments as impacted
by different levels of Tween 20 and glycerol

Sample*

Tween 20 or

Mass yield

Total

Encapsulation

Nisin specific

glycerol%(w/v)

(%)

solids (%)

efficiency (%)

activity ratio
(%)

Tween 20 treatments
A

0%

66.71B

98.30 A

54.72 A

122.95AB

B

0.005%

66.05B

95.20 B

48.24 C

110.57BC

C

0.05%

65.09B

94.70 B

41.66 D

96.67CD

D

0.1%

75.88 A

94.14 B

48.81 C

81.44E

E

0.5%

67.76 B

96.42 B

51.76 B

91.20D

Glycerol treatments
F

0.05%

53.72 D

90.72 C

34.38 E

119.14AB

G

0.1%

53.12 D

91.11 C

34.79 E

123.30AB

H

0.5%

56.57 C

88.26 D

43.21 D

135.03A

*All samples were prepared from a solution with 2%w/v zein and 3556 IU/mL nisin.
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Figure 4-1. SEM images showing surface morphology of capsules produced by spray drying
a nisin solution with 2% zein and (A) 0, (B) 0.005, (C) 0.05, (D) 0.1 and (E) 0.5%w/v Tween
20.
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Figure 4-2. SEM images showing internal structures of capsules produced by spray drying a
nisin solution with 2% zein and (A) 0, (B) 0.005, (C) 0.05, (D) 0.1 and (E) 0.5%w/v Tween
20. Images were taken after fracturing capsules using a sharp blade.
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Figure 4-3. Release kinetics of nisin from zein capsules produced by spray drying a nisin
solution with 2% zein and (A) 0, (B) 0.005, (C) 0.05, (D) 0.1 and (E) 0.5%w/v Tween 20.
Error bars are standard deviations from 2 replicates.
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Figure 4-4. SEM images showing surface morphology (left images) and internal (right
images) structures of nisin-loaded zein capsules produced by spray drying a nisin solution
with 2% zein and (A) 0.05, (B) 0.1, (C) 0.5%w/v of glycerol. Right images were taken after
fracturing capsules using a sharp blade.
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Figure 4-5. Release kinetics of nisin from zein capsules produced from spray-drying a nisin
solution with 2% zein and (A) 0.05, (B) 0.1, (C) 0.5%w/v glycerol. Error bars are standard
deviations from 2 replicates.
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Chapter 5 . Spray-dried zein capsules with
co-encapsulated nisin and thymol as
antimicrobial delivery systems to inhibit the
growth of Listeria monocytogenes during
storage
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5.1. Abstract
Food grade antimicrobial delivery systems were studied in this work to enhance the
effectiveness of inhibiting the growth of Listeria monocytogenes during storage. Corn zein
was used as a carrier biopolymer and nisin and thymol as antimicrobials. Capsules produced
by spray drying demonstrated different microstructures and release characteristics of nisin at
different usage levels of thymol. Better release profiles were achieved when glycerol was
additionally used to prepare capsules. Capsules showing sustained release of significant
amounts of both antimicrobials effectively inhibited the growth of L. monocytogenes as the
bacterium was undetectable after 96 h incubation at pH 6.0 and 30 C on TSB-YE, in
comparison to 12 h of the unencapsulated nisin and ineffectiveness of free thymol used at
comparable concentrations. Our work showed that engineered delivery systems are needed to
fulfill the antimicrobial effectiveness during shelf-life storage of foods to ensure microbial
safety.

Keywords: nisin, zein, encapsulation, spray drying, thymol, glycerol, Listeria
monocytogenes
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5.2. Introduction
USDA’s Food Safety and Inspection Service (FSIS) and the US Food and Drug
Administration classify the foodborne pathogenic bacteria, Listeria monocytogenes (Lm), as a
―zero tolerance‖ organism in ready-to-eat (RTE) foods (1). The reason is because of the
severity of illness syndromes caused by the microorganism including fetal death, septicemia
of newborns and meningitis of the elderly and immunocompromised (2). Despite enormous
efforts by the government and food industry, there are still sporadic cases and outbreaks of
listeriosis due to consumption of RTE foods, mostly due to cross-contamination post
production (3-5). Epidemiological estimates by the Centers for Disease Control and
Prevention are 500 deaths and 12,500 infected persons annually in the US caused by Lm
infection (6). The CDC in its Healthy People 2010 Objectives, set a goal to reduce listeriosis
incidence from 5 cases per million population in 1997 to 2.5 cases per million population in
2010 (1). While the incidence of Lm was reduced to approximately 3 cases per million in
2008, the proposed Healthy People 2020 Objectives have retained a focus on reduction of Lm
(7). Lm continues to be a problem in the US and worldwide. In 2009, a major outbreak of
listeriosis occurred in Canada associated with luncheon and deli meats and resulted in 20
deaths. In surveys of products, USDA FSIS continues to find Lm in RTE meat and poultry
products (8). These factors all point to the need for additional post-process hurdle
technologies such as antimicrobial delivery systems to control Lm and improve food safety.
Nisin is a well-known bacteriocin with a broad spectrum against gram positive
bacteria, including Lm. However, numerous studies reported much reduced antimicrobial
efficiency of nisin when applied in foods than in a growth medium. For example, Mahadeo
and Tatini (9) reported that 2.5 µg/mL of nisin was effective against Lm in scald water but
not on the turkey skin. A reduction of nisin activity was reported because of nonspecific
binding of nisin with lipids and proteins (10-12). Rose et al. (13) found that the compromised
antimicrobial activity of nisin in fresh meat was caused by the complexation with glutathione.
Incorporation of nisin within capsules of edible polymers may reduce the interaction
of nisin with food components and minimize its dysfunction in foods (14-16). For example,
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Salmoso et al. (17) demonstrated that sustained release of nisin from poly- (L-lactide)
nanocapsules inhibited the growth of Lactobacillus delbrueckeii over 45 days, in comparison
to ca. 4 days for un-encapsulated nisin. However, the authors used an expensive process
based on anti-solvent precipitation in supercritical carbon dioxide, and the carrier polymer
poly(L-lactide) is not generally-recognized-as-safe (GRAS). Much work is needed to utilize
GRAS, sustainable, and inexpensive ingredients as delivery systems of antimicrobials and
low-cost and scalable processes.
Spray drying is a quick, simple, low-cost, and one-step method to obtain a powdered
product and is a popular choice in the food industry to encapsulate bioactive compounds in
food biopolymers. Previously, we demonstrated sustained release of hen egg white lysozyme
from spray-dried capsules of zein, a class of alcohol-soluble storage protein (prolamins)
extracted from maize kernels (18). Zein is available in large quantity and can be produced as
a byproduct of bioethanol industry. Zein is soluble in approximately 60-90% aqueous
ethanol, and an additional compound, thymol (a naturally occurring antimicrobial extracted
from the thyme plant), at a 2% mass of zein in the aqueous ethanol solution was needed to
achieve sustained release of lysozyme from subsequently spray-dried capsules. Because
release kinetics of an encapsulated compound is highly dependent on microstructure of
capsules and interactions between the encapsulated compounds and carrier biopolymer, we
reinvestigated formulations enabling sustained release of nisin from spray-dried capsules in
this work. In addition, we demonstrated advantages of the studied GRAS antimicrobial
delivery system that showed a much longer efficacy to inhibit the growth of Lm than free
nisin. Our work may be developed into a practical GRAS antimicrobial ingredient to enhance
microbial food safety.

5.3. Materials and Methods
5.3.1. Materials
The 2.5% nisin preparation was a product from MP Biomedicals, LLC (Solon, Ohio).
The product was labeled with a nisin concentration of 1,000 IU/mg solids. Ethanol (200
proof) and zein were purchased from Acros Organics (Morris Plains, NJ). Tryptic soy broth
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(TSB), yeast extract (YE), peptone, and agar were products of Becton, Dickinson and
Company (Sparks, MD). Other chemicals were obtained from Sigma-Aldrich Corp. (St.
Louis, MO).
5.3.2. Encapsulation by spray drying
The 2.5% nisin preparation was partially purified by extraction using aqueous ethanol
at previously optimized conditions (19). Briefly, the nisin solids were suspended at a
concentration of 6 mg mass per mL in 50% v/v aqueous ethanol, and the slurry was
vigorously agitated using a stirring plate to fully suspend particulates. After extraction for 6 h
at room temperature, the suspension was centrifuged at 1,520×g for 5 min (model Tabletop
Centrifuge E9, Beckman, Palo Alto, CA). The supernatant (extract) was then transferred and
constituted to 70% ethanol (v/v) to dissolve zein to a concentration of 2% w/v. The studied
zein solution formulations are listed in Table 1 and included different concentrations of
thymol and glycerol. Thymol was previously observed to have impacted release kinetics of
lysozyme from spray-dried zein capsules (18), while glycerol was used because it is a
common plasticizer and is effective in modulating microstructure and physical properties of
protein and starch films (20, 21). The solution was then spray-dried using a bench-top spray
dryer (mini spray dryer B-290, BÜCHI Corporation, Flawil, St. Gallen, Switzerland) with the
following parameters: a feed rate of 5.26 mL/min, an aspirator setting of 100%, and an inlet
temperature of 105 °C that corresponded to an outlet temperature of 68-69 °C.
5.3.3. Evaluation of encapsulation performance
Encapsulation efficiency of nisin was defined as in equation (1) by comparing the
total nisin units in a spray-dried product and that used in spray drying. To determine nisin
concentration in spray-dried capsules, a powdered sample was dissolved in 70% ethanol for
the activity assay detailed below.
Encapsulation efficiency% =

total nisin units in the collected product
×100% (1)
total nisin units in the feed
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The mass yield of spray drying was determined as the percentage of a collected
product mass normalized to the corresponding non-solvent mass in the solution used in spray
drying:
Mass yield% =

mass of a collected product
nonsolvent mass in the feed

× 100%

(2)

Because of significant errors in collecting powders from spray drying chambers and a
small amount of material in each batch, encapsulation efficiency as defined in equation (1)
may not reflect the encapsulation process accurately. An additional parameter was calculated
by comparing the specific activity (SA) of nisin before and after spray drying, where SA of
nisin was defined as nisin activity per unit non-solvent mass:
SA ratio% =

SA in spray - dried capsules
× 100%
SA in the feed

(3)

Encapsulation efficiency of thymol was similarly calculated according to equation (4)
by comparing the total thymol mass in a spray-dried product and that used in spray drying.
The thymol% in unit mass of spray-dried capsules and that of non-solvent mass before spray
drying were used to calculate percentages of thymol content changes as in equation (5),
similar to SA ratio% of nisin.
total thymol mass in collected products
×100%
(4)
total thymol mass in the feed
Thymol% in spray - dried capsules
Thymol content change (%) =
× 100%
Thymol% in non - solvent mass of the feed

Encapsulation efficiency% =

(5)
5.3.4. Total solids content of capsules
The total solids content of capsules was determined using the AOAC Official Method
925.09 (22). Vacuum drying was performed at 100 ºC and 500 mmHg under-pressure till a
constant weigh (in around 5 h). The weight difference of each sample before and after drying
was used to calculate the total solids content.
5.3.5. In vitro release kinetics of nisin
One mL of a 20 mM sodium phosphate buffer, pre-adjusted to pH 2.0, 6.0 and 8.0,
was used to suspend 4 mg of spray dried particles in a 1.5 mL micro-centrifuge tube. An
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end-to-end shaker (Lab Industries Inc., Berkeley, CA) was used to continuously mix the
suspensions at room temperature. At a designated incubation time, suspensions were
centrifuged at 14,500×g for 5 min (model MiniSpin, Eppendorf AG, Hamburg, Germany)
and 700 µL of the supernatant was transferred for determination of nisin activity. 700 µL of
the corresponding fresh phosphate buffer was supplemented to the remaining suspension, and
the capsules were re-suspended for longer release time points.
To determine the total nisin activity in unit mass of capsules, 4 mg spray dried
capsules were dissolved in 1 mL 70%v/v aqueous ethanol (that dissolved zein capsules
completely), determined for the assay below. The cumulative release of nisin was calculated
by the following equation:
i 1

Rt i (%) 

a
n 1

n



Uo

10
ai
7

100 %

(6)

where Rti (%) is the cumulatively released nisin at time ti, the ith time of sampling; ai is the
nisin (IU/mL) concentration at the sampling time ti; and Uo is the theoretical 100% release
from 4 mg capsules, equivalent to total nisin activity units.
5.3.6. In vitro release kinetics of thymol
In vitro release of thymol in buffers at pH 2.0, 6.0, and 8.0 was studied similar to nisin
samples. 40 mg capsules were used for each sample, and release time points were 0.5-144 h.
After centrifugation, 700 L of the supernatant was withdrawn and 700 L of corresponding
phosphate buffer was supplemented for continued release tests. 400 L of the withdrawn
supernatant was transferred and mixed with 600 L of methanol and 20 L acetic acid, which
was u sed as a running solvent mixture to quantify thymol concentration using the HPLC
protocol below (42). To test the total thymol content in capsules, 40 mg of a powdered
sample was dissolved in a mixture of 1 mL 60% aqueous methanol and 20 L acetic acid,
and the solution was assayed by HPLC. Cumulative release of thymol was similarly
calculated analogously to that of nisin (equation 6).
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5.3.7. Determination of nisin activity
Nisin activity of samples was determined by the standard agar diffusion assay (23)
using Micrococcus luteus ATCC 10240 as a test microorganism. Two sample replicates were
tested, and each sample was loaded in 4 well replicates in an agar gel. An average of 8
inhibition zone diameters from each sample was used to estimate nisin activity using an
appropriate standard curve. Standard curves (equation 7) were prepared separately for
solvents of deionized water and 70%v/v aqueous ethanol because of the synergism between
nisin and ethanol in the assay, as detailed in our previous work (19).
D = a log10 [Nisin] + b

(7)

where D is the diameter (cm) of the inhibition zone after baseline subtraction, [Nisin] is the
concentration of standard nisin solutions in IU/mL, a and b are the slope and intercept from
the linear regression, respectively.
5.3.8. HPLC quantification of thymol
A literature reviewed HPLC protocol (24) was adopted to quantify thymol using an
Agilent Technologies (Waldbronn, Germany) 1200 series chromatography system. The
system included a quaternary pump module, a degasser, an auto-sampler, a
temperature-controlled column chamber, and an Agilent diode array & multiple wavelength
detector. The Chemstation software was used for signal acquisition and analysis.
Chromatography separation was achieved using an Agilent ZORBAX ® Eclipse Plus C-18
(4.6 mm × 150 mm, 5 μm stationary phase) column that was kept at 25 °C. The mobile phase
consisted of a methanol–water-acetic acid ternary mixture at a volume ratio of 60:40:2. The
sample injection volume was 25 μL. The flow rate was 0.5 mL/min and the detect
wavelength was 274 nm.
5.3.9. Bacteria inhibition assay
Lm Scot A was incubated at 30 °C with two consecutive transfers to 9.31 log
CFU/mL. The spray-dried nisin capsules were added to 18 mL TSB+0.6%YE (TSB-YE)
medium pre-adjusted to pH 6.0 that was then mixed with 2 mL culture with 6.0 log CFU/mL
Lm by votexing. The overall nisin concentration was used at 100 IU/mL in all treatments.
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After incubation at 30 C for 0, 4, 8, 12, 24, 48, 72, 96, 120, and 144 h, the surviving bacteria
population was determined by the plate count on tryptic soy agar (TSA) plates. Four
antimicrobial controls were used to compare with capsules with co-encapsulated nisin and
thymol: (1) zein capsules prepared as sample E (with 1% thymol in the stock solution) but
without nisin, (2) free thymol applied at 1.16 mg/mL in the growth medium, and (3) free
nisin (the 2.5% preparation as received) used at 100 IU/mL. The media with nothing added
was used as a negative control in all treatments.
5.3.10. Scanning electron microscopy (SEM)
The powdered sample was glued directly onto an adhesive tape mounted on the specimen
stub and sputter-coated with a gold layer of ca. 5 nm thickness before imaging using a LEO
1525 SEM microscope (LEO Electron Microscopy, Oberkochen, Germany). In addition, the
internal particle structure was imaged after fracturing particles using a sharp blade (18).
5.3.11. Statistical analysis
All experiments were completed in duplicate. Significant differences were analyzed
with a least-significant-difference (P < 0.05) mean separation method from duplicate
samples. The Statistical Analysis Software (V9.2, SAS Institute, Cary, NC) was used to carry
out the statistical analysis.

5.4. Results and Discussion
5.4.1. Encapsulation performance
The nisin extract had 114 g/mL total protein and 988 IU/mL, a partial purification in
comparison to 210 g/mL total protein and 1000 IU/mL for the 2.5% preparation. After
adding 2.0% zein and thymol and/or glycerol as in Table 5-1, encapsulation performances of
spray-drying are listed in Tale 5-1. The mass yield was generally lower for samples prepared
with a higher content of thymol in the aqueous ethanol solution, which coincided with
difficulty of collecting powdered samples from spray dryer chambers. The incompleteness of
sample collection makes it difficult to evaluate lab-scale spray drying experiments. Nisin
encapsulation efficiencies of treatments followed the same trend as mass yields. This is
expected because the mass yield impacts the numerator in equation 1.
120

Nisin encapsulation efficiency of the treatment without thymol (sample A) was
statistically lower (P =0.0025) from treatments with thymol at 0.02, 0.1, and 0.4% w/v in the
solution spray-dried (samples B-D). There was no significant difference among treatments
when thymol was used at 0.02, 0.1, and 0.4% w/v in the formulation. Samples prepared with
1% w/v of thymol in formulation had a significantly lower encapsulation efficiency than
those with lower thymol usage levels (samples E-H). For treatments with glycerol, nisin
encapsulation efficiency of the treatment with the highest glycerol level (sample H) was
higher than those with lower glycerol usage levels (samples F and G) but was not different
from that without glycerol (sample E). Interpretation of mechanisms responsible for
differences in nisin encapsulation is difficult because of the difficulty to collect all sample
mass from spray drying chambers.
For samples without glycerol, the total solids content of samples A, B and C was 98%
or greater, indicating good drying conditions. Samples D and E had a solids content of ~93%,
possibly due to evaporation of thymol during 5-h vacuum drying at 100 C, as previously
observed and discussed (18). For samples with glycerol, there was no difference (P =0.5347)
between sample E (without glycerol) and F (with the lowest glycerol content), while a lower
total solids content was observed when glycerol was used at two larger amounts (samples G
and H). Glycerol is a well-known hydrophilic plasticizer that increases the desorption time of
water from films (27). As a result, more moisture may have been retained in spray-dried
capsules containing a larger amount of glycerol, which in turn resulted in a lower total solids
content.
Specific activity of nisin in spray-dried products was not lower than that before spray
drying (ratio >100%, Table 5-1). Assuming non-solvent compounds precipitate
proportionally during spray drying, i.e., same denominator in the definition of specific
activity (IU/mg mass), no decrease of specific activity after spray drying indicates no loss of
nisin activity. Nisin has a good thermal stability because 50-75% of residual nisin activity
was observed when heated in low-acid foods (pH 6.1-6.9) at 121 ºC for 3 min (28). The spray
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drying in this work was performed at an inlet temperature of 105 C, and the high
temperature, short time nature of this drying process may cause little inactivation of nisin.
Encapsulation efficiency of thymol was quantified for samples prepared from
solutions containing 1% thymol (samples E-H in Table 5-1). These samples had low mass
yields, but thymol encapsulation efficiency was much lower than the corresponding mass
yield, indicating thymol did not precipitate proportionally with other non-solvent compounds
during spray drying. This was confirmed by comparing thymol% in spray-dried particles and
that in the stock solution before spray drying , shown in the last column of Table 5-1 (thymol
content change%) that indicates more than 3 quarters of thymol was lost. The sample with the
highest level of glycerol had a significantly higher loss of thymol (P = 0.0147 ).
5.4.2. Release properties and particle structures of capsules produced using different
amounts of thymol
Release kinetics of nisin from samples A-E, prepared with different levels of thymol,
are presented in Figure 5-1. Similar to our previous study based on lysozyme encapsulated in
zein by spray drying (18), more complete release of nisin was observed at a lower pH. Nisin
has an isoelectric point (pI) of 8.8 (http://us.expasy.org/tools/protparam.html). Therefore,
nisin is overall more positively charged at a lower pH between 2.0 and 8.0. On the other
hand, zein has a pI of 6.8 and thus is overall positively charges at pH 2.0, slightly positively
charged at pH 6.0, and negatively charged at pH 8.0. Electrostatic interactions between nisin
and carrier zein are thus repulsive at pH 2.0, slightly repulsive at pH 6.0 and attractive at pH
8.0, which may have partially contributed to a more complete release of nisin at a lower pH.
Unlike sustained release of lysozyme over 49 d at pH 6.0 when thymol was used at an
intermediate ratio of 1:50 to zein (between 0:1 and 1:4) in the solution used for spray drying
(18), the addition of thymol not only reduced the completeness of nisin release but did not
result in sustained release (Figure 5-1). The sample without thymol had the most sustained
release at pH 6.0, increasing from 45% to 74% in 96 h (4 d). At pH 6.0, zein is more
hydrophobic than at pH 2.0 and 8.0, and hydrophobic attraction between nisin and zein may
become stronger when thymol was present in capsules. There are three factors that may have
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contributed to differences in release profiles of lysozyme and nisin when both are
encapsulated in zein by spray drying. First, an inlet temperature of 90 C was used in our
previous lysozyme study (18), in comparison to 105 C in this study. An inlet temperature of
105 C was selected because the most sustained release of nisin was observed in our
preliminary experiments for capsules spray-dried at 90-120 C. Second, the lysozyme sample
used was a purified product, while nisin in this work was extracted from a 2.5% preparation,
and the extract had impurity dairy proteins (19) that likely change microstructures of capsules
and release properties. A similar observation was noted for no sustained release of lysozyme
at pH 6.0 when lysozyme directly extracted from hen egg white was used in spray drying
(30). Lastly, nisin is more hydrophobic than lysozyme – the former has a grand average of
hydropathy of 0.415 and the latter -0.477 (http://us.expasy.org/tools/protparam.html). The
exact mechanisms are to be studied in the future.
SEM images for sample surface morphology are shown in Figure 5-2. With the
increase of thymol usage level in spray drying, particles gradually changed from mostly
spherical, porous structures to a collapsed, blood-cell shape with smooth surfaces. After
manually fracturing capsules, representative images showing exposed internal structures are
presented in Figure 5-3. When thymol was not used, capsules had a continuous matrix, while
the addition of thymol resulted in hollow particles with wall structures that became less
heterogeneous at a higher usage level of thymol. Possibly, thymol acts as a plasticizer that
impacts precipitation of biopolymers during spray drying, as previously discussed (18).
5.4.3. Release properties and particle structures of capsules produced using different
amounts of glycerol
This group of treatments (samples F, G, and H) were studied for capsules spray-dried
from solutions containing 1% thymol because of known synergism of nisin and thymol when
the two antimicrobials are applied simultaneously to inhibit the growth of Lm (31-33). Since
glycerol has a very low vapor pressure at the studied conditions (34) and is thus expected in
spray-dried capsules, samples F, G, and H are referred to samples with low, medium, and
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high glycerol levels, respectively, hereafter to simply discussion. Release properties of both
nisin and thymol were characterized and discussed below.
As shown in Figure 5-4, the addition of glycerol did not change nisin release
properties at pH 2.0 as all samples reached 100% release of nisin shortly. At pH 6.0, the low
glycerol sample showed only 8% release at the first time point (30 min) and sustained release
to 87% in 96 h, with no apparent increase afterwards (Figure 5-4A). For the sample with a
medium glycerol level at pH 6.0, about 10% nisin was released in 30 min, and sustained
release up to 100% was observed when tested after 72 h, before reaching release equilibrium
(Figure 5-4B). For the sample with the high glycerol level at pH 6.0, nisin was released
quicker than the other two samples: 40% of nisin after 30 min and 100% release detected
after 24 h (Figure 5-4C). When compared to the treatment without glycerol that showed
~25% release throughout 144 h incubation at pH 6.0 (Figure 5-1E), the addition of glycerol in
zein capsules much improved release profiles of nisin.
Similar improvements of nisin release properties were also observed at pH 8.0. When
glycerol was absent, less than 10% nisin was released in 144 h (Figure 5-1E). Conversely,
gradual release of nisin was observed in 144 h for all glycerol treatments that showed 2-21,
3-28, and 9-49% cumulative release for samples with low, medium, and high glycerol levels,
respectively.
Release kinetics of thymol is presented in Figure 5-5 for samples E-H where 1%
thymol was incorporated in the solution used for spray drying. All samples showed gradual
release of thymol, and less thymol was released for the sample with a higher level of glycerol.
There was no apparent trend as for how pH impacted release characteristics of thymol.
SEM images of samples G-H are shown in Figure 5-6. When compared to the sample
without glycerol (Figure 5-2E), fewer percentages of collapsed capsules were observed at a
higher level of glycerol (Figure 5-6), but hollow particles were observed in all cases. Because
glycerol is a known plasticizer, precipitation of biopolymers on the outer layer of atomized
droplets during spray drying may be faster at a higher level of glycerol, resulting in quicker
formation of more spherical shells for the corresponding sample.
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The exact mechanisms interpreting nisin and thymol release characteristics from zein
capsules need to consider at least two factors. The first one is internal structures of capsules
since an encapsulated compound needs to overcome diffusion resistance posed by capsule
matrices. When capsules are suspended in a buffer, diffusion of water-soluble compounds out
of capsules and inward diffusion of water are both expected to change capsule structures.
Zein is the most abundant component of capsules and is practically insoluble in the buffers
used. However, water is known to have plasticization functions in prolamin-based materials
(20, 35), and this may result in rearrangement of internal capsule structures. On the other
hand, glycerol is fully miscible with water, and the depletion of glycerol from capsules
theoretically would increase the capsule porosity, which may have been responsible by faster
release of nisin for samples with more glycerol (Figure 5-4). The second factor is molecular
interactions between capsule components. The impact of electrostatic interactions between
nisin and zein has been discussed above regarding more complete release of nisin at a lower
pH. As for thymol, its solubility in water at 20 C is about 1 g/L (36). A summary of thymol
release from samples E-H is given in Table 5-2 indicating incomplete thymol release in the
studied time frame. The cumulative release of thymol from samples E-G was greater than the
solubility limit of thymol because fresh buffer was supplemented during sampling, while that
from sample H was below the solubility limit of thymol. Because thymol is not charged,
interactions between thymol and zein should be mostly hydrophobic in nature. Capsules with
a higher content of hydrophilic glycerol are overall less hydrophobic, and thymol is expected
to release faster and more complete from capsules. The out-diffusion of glycerol further
increases the overall hydrophobicity of capsules, and this strengthens hydrophobic
interactions between thymol and zein. However, release profiles of thymol showed faster and
more complete release for capsules with less glycerol (Figure 5-5), opposite from
expectations based on molecular interaction theory. The internal microstructural changes of
capsules upon suspension in buffers however were not examined in this work, and the exact
mechanisms are to be studied in the future to explain release properties of nisin and thymol.
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5.4.4. Anti-listerial properties of nisin delivery system
The anti-listerial efficacy was tested for Lm in the TSB-YE medium adjusted to pH
6.0 for capsules with a nisin amount equivalent to 100 IU/mL, in comparison to
un-encapsulated (free) antimicrobials. Free nisin initially deactivated Lm to undetectable in
~<2 h and the effectiveness against the growth of Lm was observed for 8 h (Figure 5-7A).
After 12 h, however, Lm appeared to have recovered from the antimicrobial action and grew
to a population no different from the control without antimicrobial treatment after 72 h. The
initial bactericidal activity of free thymol used at 1.16 mg/mL (equals to thymol cumulative
release from 0.05% glycerol samples after 144 hours) was lower than that of 100 IU/mL
nisin, and Lm grew again after 24 h, reaching a similar population as the untreated control
after 72 h.
Anti-listerial functions of capsules prepared from different thymol usage levels,
corresponding to those in Figure 5-1, are presented in Figure 5-7B. For nisin capsules without
thymol (sample A in Table 5-1), the initial bactericidal and later inhibitory functions were
less optimum than free nisin (Figure 5-7B). When comparing to the release profile in Figure
5-1A, the initial release of nisin was ~45% that may have accounted for less effectiveness
than the free nisin; further, sustained release of nisin only lasted 72 h, corresponding to
gradual recovery of Lm population before reaching a level similar to the control after 72 h.
The initial bactericidal function of the sample with the highest thymol usage level in spray
drying (sample E) was worse than sample A, due to ~25% of nisin initial release, and Lm
grew faster than the treatment of sample A during incubation (Figure 5-7B), resulting from
no further release of nisin. Nisin capsules produced with lower usages of thymol showed
worse anti-listerial effectiveness than the one in Figure 5-7B (with the highest thymol usage
level) and were not presented. Because thymol also inhibits the growth of Lm (Figure 5-7A),
a thymol capsule control was prepared by dissolving 1% thymol in a 70% aqueous ethanol
solution with 2% zein, followed by spray drying. The thymol capsule control, containing
7.7%w/w thymol and corresponding to a cumulative release of 2.4 mg/mL thymol after 144
h, did not show any difference from the control without antimicrobial treatment. The inability
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of thymol capsules, compared to the 1.16 mg/mL free thymol treatment in Figure 5-7A,
indicates that the gradually released thymol may have bound with compounds in the growth
medium and not have been available at a sufficiently high concentration required to inhibit
Lm.
Anti-listerial functions of nisin capsules prepared with different levels of glycerol are
presented in Figure 5-7C. For the low and medium glycerol level treatments, no Lm was
detected after 96 h, compared to 12 h of the free nisin treatment. At the 120 h time point, Lm
became detectable again. However, for the treatment with the high level of glycerol, nisin
capsules with co-encapsulated thymol did not work as effectively as free nisin. When
compared to release profiles of nisin and thymol, capsules with the high glycerol level
showed 100% release of nisin after 48 h (could be shorter) at pH 6.0 but only 25% of thymol
was released after 144 h at pH 6.0, corresponding to a cumulative release of 0.39 mg/mL
(Table 5-2). Capsules with low and medium levels of glycerol both demonstrated sustained
release of nisin over 72 h and ~45% release of thymol after 144 h or a cumulative release of
1.16 mg/mL (Table 5-2). Because Figure 5-7A shows inefficacy of free nisin and/or thymol
during longer time incubation, Figure 5-7C indicates that sustained release of both
antimicrobials to a sufficient concentration is needed to receive long-term efficacy to inhibit
the growth of pathogenic bacteria in food systems. The similar conclusion was made by
Chi-Zhang et al (37) who showed effectiveness of a nisin solution that was continuously
pumped into a growth medium with inoculated Lm to simulate sustained release of nisin but
the ineffectiveness of the same amount of free nisin that was added directly into the growth
medium.
In summary, our work demonstrated a novel antimicrobial delivery system that had
much better capability of inhibiting the growth of Lm during long-term storage at 30 C. The
effectiveness might be longer if tests were performed at lower temperatures. Characterization
of release profiles of antimicrobials unveiled that sustained release of both nisin and thymol
was required to improve long-term efficacy of antimicrobials against the potent pathogen.
Because food products have long shelf-lives and our delivery system is based on GRAS
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ingredients produced using commercially feasible processes, our work may be developed into
practical intervention systems to enhance microbial safety of various food products.
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Appendix
Table 5-1. Encapsulation performance of samples spray-dried from nisn extracts added with 2%w/v zein but different amounts of thymol and
glycerol. (Values in a column sharing same superscript letters are not statistically different).

Sample

Thymol% (w/v)

Glycerol% (w/v)

Mass yield1 (%)

Nisin EE2 (%)

Total

Nisin SA ratio3 (%)

Thymol

Thymol

solids

EE4

content

(%)

(%)

change(%)5

A

-

-

66.71

56.77C

98.31A

123.06

-

-

B

0.02

-

79.21

84.16A

98.44A

107.94

-

-

C

0.1

-

70.95

78.51AB

97.96A

112.96

-

-

D

0.4

-

67.50

71.6A

93.44B

135.22

-

-

E

1

-

31.67

35.96DE

93.33B

121.67

7.56A

25.14A

F

1

0.05

30.00

31.03E

93.91B

110.12

5.22BC

19.36A

G

1

0.1

33.87

35.64DE

89.10C

118.10

7.02AB

20.42A

H

1

0.5

38.29

45.87CD

84.48D

141.81

4.57C

10.40B

1

Defined in Equation (2); 2Encapsulation efficiency (EE) as defined in Equation (1); 3Specific activity (SA) ratio as defined in Equation (3);
4
Encapsulation efficiency (EE) as defined in Equation (4); 5Defined in Equation (5).
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Table 5-2. Summary of thymol release properties.

Thymol%(w/w) in

Cumulative release

Thymol% released

dry particles

after 144 h (mg/mL)

after 144 h

E

7.7± 0.74

2.40± 0.29

75±0.05 %

F

5± 1.05

1.16± 0.42

47±0.04 %

G

6± 0.34

1.16± 0.15

45±0.018 %

H

3± 0.69

0.39± 0.3

32±0.008 %

Sample in Table 5-1
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Figure 5-1. Release kinetics of nisin from zein capsules produced by spray drying a nisin
solution (in 70% aqueous ethanol) with 2% zein and (A) 0, (B) 0.02, (C) 0.1, (D) 0.4, or (E)
1% (w/v) thymol. Error bars are standard deviations from 8 readings in nisin assay, 4 each for
2 sample replicates.
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Figure 5-2. SEM images of nisin-loaded zein capsules produced by spray drying a nisin
solution (in 70% aqueous ethanol) with 2% zein and (A) 0, (B) 0.02, (C) 0.1, (D) 0.4, or (E)
1% (w/v) thymol. Image F is a thymol capsule sample spray-dried from a solution with
2%w/v zein and 1%w/v thymol in 70% aqueous ethanol.
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Figure 5-3. SEM images of the samples in Figure 5-2 after fracturing capsules using a blade.
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Figure 5-4. Release kinetics of nisin from zein capsules produced by spray drying a nisin
solution (in 70% aqueous ethanol) with 2%w/v zein, 1%w/v thymol, and different
concentrations of glycerol: (A) 0.05, (B) 0.1, and (C) 0.5%w/v. Error bars are standard
deviations from 8 readings in nisin assay, 4 each for 2 sample replicates.
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Figure 5-5. Release kinetics of thymol from zein capsules produced by spray drying a nisin
solution (in 70% aqueous ethanol) with 2%w/v zein, 1%w/v thymol, and different
concentrations of glycerol: (A) 0, (B) 0.05, (C) 0.1, and (D) 0.5%w/v. Error bars are standard
deviations from 2 replicates.
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Figure 5-6. SEM images showing surface morphology (left images) and fractured structures
(right images) of nisin-loaded zein capsules produced by spray drying a nisin solution (in
70% aqueous ethanol) with 2%w/v zein, 1%w/v thymol and different concentrations of
glycerol: (A) 0.05, (B) 0.1 and (C) 0.5%w/v.
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Figure 5-7. Growth of Listeria monocytogenes in a growth medium adjusted to pH 6.0 during
incubation at 30 ˚C after treated by (A) free antimicrobials, (B) capsules containing thymol
only, nisin only or both, and (C) capsules containing both nisin and thymol with additional
amounts of glycerol. The thymol only capsules were produced by spray drying a 70%
aqueous ethanol solution with 2%w/v zein and 1%w/v thymol. The nisin-only capsules were
produced by spray drying a nisin solution (in 70% aqueous ethanol) with 2%w/v zein. Other
capsules samples were prepared similar to the nisin-only treatment after adding 1%w/v
thymol only (sample in figure B) or 1%w/v thymol and 0.05 (low level), 0.1 (medium level)
and 0.5%w/v (high level) of glycerol (samples in figure C). Error bars are standard deviations
from 2 replicates.
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Chapter 6 . Concluding remarks
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This dissertation demonstrated that the researched novel antimicrobial delivery system
drastically extended the effectiveness of antimicrobials in inhibiting the growth of foodborne
pathogen Listeria monocytogenes during storage. Effective systems corresponded to
sustained release of both nisin and thymol, resulting from both reduced interference due to
binding with other compounds and synergistic antimicrobial activities. Release characteristics
of encapsulated antimicrobials were strongly impacted by capsule preparation conditions and
chemistry of systems where antimicrobials were released. The characterized release profiles
can be used to match properties of realistic food systems, e.g., pH and ionic strength. From
application perspective, the researched delivery system was based on low-cost and abundant
GRAS materials and low-cost and scalable processes and therefore can be practically
incorporated in food systems as novel intervention strategies.
Findings from this dissertation also point to several interesting directions for future
studies. First, although nisin is ineffective against Gram-negative bacteria such as
Escherichia coli O157:H7, the co-encapsulated thymol inhibits both Gram positive and
negative bacteria. Broader applications of antimicrobial delivery systems can be identified by
testing a large variety of pathogenic and spoilage microorganisms for improved
microbiological food safety and quality. Second, both release rate of encapsulated
antimicrobials and growth of microorganisms are expected to be slower at a lower
temperature, and antimicrobial tests can be performed at temperatures lower than 30C to
simulate refrigeration, temperature abuse, and shelf storage for realistic effective durations of
the delivery system. Third, sustained release of nisin was observed at an increased ionic
strength in Chapter 3, and the inhibition effectiveness of delivery system in combination with
sodium chloride can be evaluated. Fourth, thymol can be used in combination with or
substituted by other essential oil components such as carvacrol and eugenol for
co-encapsulation with nisin. Fifth, fundamental correlations between release characteristics of
antimicrobials and molecular interactions and capsule microstructures are to be studied in
depth. Sixth, effectiveness of delivery systems in real food matrices is to be tested. Lastly,
148

because some essential oil components have negative sensory properties, impacts of delivery
systems on sensory profiles of food products are to be characterized.
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