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There is increasing interest in understanding and controlling the digestion of emulsified lipids within the

food and pharmaceutical industries. Emulsion-based delivery systems are being developed to

encapsulate, protect, and release non-polar lipids, vitamins, nutraceuticals, and drugs. These delivery

systems are also being used to control the stability and digestion of lipids within the human

gastrointestinal tract so as to create foods that enhance satiety and reduce hunger. In vitro digestion

models are therefore needed to test the efficacy of different approaches of controlling lipid digestion

under conditions that simulate the human gastrointestinal tract. This article reviews the current status

of in vitro digestion models for simulating lipid digestion, with special emphasis on the pH stat method.

The pH stat method is particularly useful for the rapid screening of food emulsions and emulsion-based

delivery systems with different compositions and structures. Successful candidates can then be tested

with more rigorous in vitro digestion models, or using animal or human feeding studies.
1. Introduction

There is growing interest in understanding and controlling the

digestibility of lipids within the human gastrointestinal (GI)

tract.1–5 The pharmaceutical industry is using this knowledge to

design lipid-based delivery systems that either increase the

bioavailability of highly lipophilic drugs or that deliver these

drugs to specific locations within the GI tract.6,7 The food

industry is using a similar approach to design food-grade delivery

systems to encapsulate, protect, and release bioactive lipid

components, with the aim of either improving their bioavail-

ability or controlling their delivery.4,5,8,9 There are a number of

bioactive lipid components that may benefit from encapsulation

within this type of delivery system, including u-3 fatty acids,

conjugated linoleic acid, butyrate, phytosterols, carotenoids,

antioxidants, coenzyme Q, and vitamins A and D.4,10–14 The

availability of effective delivery systems for lipophilic bioactive

components could lead to the creation of functional foods

specifically designed to maintain or improve human health.

Functional foods could be designed to increase the digestibility

of lipids in individuals with health conditions that impair the

normal digestive process.1,15 Functional foods could be designed

to control human satiety, satiation, and hunger by controlling

the rate and extent of lipid digestion in different regions of the GI

tract.16–20 For example, recent studies show that emulsions that

remain stable to gravitational separation in the stomach and/or

which have a delayed digestion in the small intestine can stimu-

late the release of gut hormones that induce satiety and reduce

food intake.21,22 Functional foods could be designed to deliver

bioactive components to specific locations within the GI tract

where they can exhibit their functional attributes, e.g., anticancer

components could be released in the colon.23

Analytical tools are needed to screen the efficacy of the various

emulsion-based delivery systems that have been designed and
Biopolymers and Colloids Research Laboratory, Department of Food
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developed to control lipid digestion and release. Ultimately, the

efficacy of newly designed delivery systems should be tested in

animal or human feeding studies, but there are ethical, economic,

and practical reasons that make this unrealistic. Some prototype

delivery systems may be unsafe or unsuitable for human

consumption. Animal feeding studies often involve subjecting

animals to uncomfortable conditions and/or sacrifice. Feeding

studies are usually expensive, time-consuming, and prone to

appreciable subject-to-subject variations. Consequently, there is

a need for in vitro analytical tools that can be used to screen

delivery systems before more extensive animal or human studies

are carried out.4,5 The purpose of this article is to provide an

overview of some of the most commonly used in vitro testing

methods for studying the digestion of emulsified lipids. We begin

by providing a brief overview of the physicochemical and phys-

iological processes that occur when emulsified lipids pass

through the human gastrointestinal tract. There have been major

advances in this area over the past decade or so, which have

greatly facilitated the design of in vitro test methods. Next, we

define the concept of lipid bioavailability in the context of the

digestion and release of lipophilic components. Finally, we

describe a number of in vitro methods that have been developed

to test the digestion of emulsified lipids, discussing their relative

advantages and disadvantages. In particular, we focus on the pH

stat method, which is finding increasing utilization as a conve-

nient tool for rapidly screening different emulsion-based systems.

2. Overview of in vivo lipid digestion

An understanding of the basic physicochemical and physiolog-

ical processes that occur as an emulsified lipid passes through the

human gastrointestinal (GI) tract is required to develop effective

in vitro models that accurately simulate lipid digestion.4,5,8,14,24

After ingestion, emulsified lipids experience a complex series of

physical and chemical changes as they pass through the mouth,

stomach, small intestine, and large intestine, which affect their

ability to be digested and/or absorbed (Fig. 1 and 2). In this
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Schematic diagram of the physicochemical conditions in the

different regions of the the human GI tract. Picture of human body was

obtained from http://en.wikipedia.org/wiki/Digestive_tract (Copyright

free).
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section, we provide an overview of the major physicochemical

and physiological events that occur in each region of the GI tract.

A more detailed description has been given in several recent

review articles.4,5,25,26
2.1. Passage through the gastrointestinal tract

We begin by providing an overview of the composition and

properties of the various regions within the GI tract.
Fig. 2 Schematic diagram of the complex physicochemical and physiologi

emulsified lipids in the human GI tract.

This journal is ª The Royal Society of Chemistry 2010
2.1.1. Pre-ingestion. The lipid droplets in foods and bever-

ages have a variety of different compositions, physical states, and

structural properties.27 The lipid phase may be either non-

digestible (e.g., mineral oils) or digestible (e.g., triacylglycerol

oils). It may vary in its physical state and polymorphic form, e.g.,

being liquid, solid, or partially solid at body temperature. Lipid

droplets are usually surrounded by a coating consisting of

emulsifier molecules and other adsorbed matter. The most

common emulsifiers used in foods are proteins, polysaccharides,

surfactants and phospholipids.28–30 Additional materials (such as

minerals, solid particles, or biopolymers) may adsorb on top of

these emulsifier layers. Consequently, lipid droplet coatings may

vary in their electrical charge, thickness, permeability, environ-

mental responsiveness, resistance to displacement, and suscepti-

bility to enzymatic digestion.27 The lipid droplets themselves may

vary in their physical dimensions (e.g., particle size distribution

and shape) and in their aggregation state (e.g., isolated, floccu-

lated or partially coalesced). There may also be considerable

variations in the physicochemical and structural properties of the

matrix that surrounds the lipid droplets. The droplets may be

simply dispersed within a low viscosity aqueous liquid (as in soft

drinks, nutritional beverages, or milk), they may be embedded

within larger particles (as in filled hydrogel particles), or they

may be distributed within macroscopic gel-like or solid matrices

(as in jellies, meat products, cheese, ice cream, or hard candies).

Many of these factors may impact the behavior, digestibility, and

ultimate fate of lipid droplets within the human GI tract. Indeed,

there have been concerted efforts recently to rationally design

emulsion-based delivery systems to control lipid digestibility

based on knowledge of these and other factors.4,5,14,21,22,31

2.1.2. Mouth. The main function of the mouth is to ingest the

foods, and to convert them into a form suitable for swallowing.
cal processes that may occur during lipid digestion and absorption of

Food Funct., 2010, 1, 32–59 | 33
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The composition, structure, and properties of lipid droplets

change appreciably during mastication due to the complex

physiochemical and physiological processes that occur within the

human mouth.32–35 An ingested food or beverage undergoes

a number of processes: it is mixed with saliva; it may change its

pH, ionic strength, and temperature; it may be acted upon by

various digestive enzymes (e.g., lingual lipase, amylase,

protease); it may interact with biopolymers in the saliva (e.g.,

mucin); it may interact with the surfaces of the tongue and

mouth; it experiences a complex flow profile; and, it may be

physically broken down into smaller pieces by chewing.36–43

Ideally, all of these factors should be simulated in an in vitro

digestion model, although in practice many of them are often

ignored because they are assumed not to have a major impact on

lipid digestion.

One of the most important factors that influence the behavior

of emulsified lipids in the mouth is their interaction with saliva.

Human saliva is usually around pH 5.5 to 6.1 during fasting and

around pH 7 to 8 after food ingestion.44 Saliva is typically

secreted at a rate of about 0.2 to 4 ml per minute,35 with a total

saliva output of 500 to 1500 mL per day.36 Saliva contains water

(�99%), minerals (<1%), and proteins (0.1–0.2%). The protein

fraction is compositionally complex with many different kinds of

molecules, including enzymes, immunoglobulins, antibacterial

proteins, proline-rich proteins and glycosylated proteins

(mucins).45–47 The mucins are capable of inducing coalescence

and flocculation of ingested lipid droplets, which has been

attributed to depletion and bridging mechanisms.36,41 In practice,

it is difficult to accurately simulate the behavior of mucin using

in vitro digestion models because there are large variations in the

amount, composition, and properties of saliva for a given indi-

vidual at different times, as well as between individuals.36

A food or beverage usually spends a relatively short time in the

mouth before being swallowed,34 with the time depending on the

nature of the ingested material, with liquids spending much less

time in the mouth than solids that need masticating to break

them into smaller pieces.35 Typically, swallowing only takes a few

seconds to complete, and involves the integrated movements of

parts of the tongue, pharynx, esophagus and stomach.48 The

structural organization of the lipids within the mouth depends on

their initial structural organization within the food, the duration

and intensity of mastication, and the physiological characteris-

tics of the individual consuming the food. A limited amount of

lipid digestion may occur during mastication due to the presence

of lingual lipases secreted by glands within the mouth. These

lingual lipases are usually more important in human infants than

in adults, and in rodents than in primates.49 Recently, it has been

found that the mouth contains receptors capable of detecting fat

and releasing signals that stimulate the body’s ability to digest

and absorb lipids.26 Consequently, it may be more important to

monitor and control the behavior and digestion of the lipid phase

within the mouth than previously believed.

The material that is swallowed after mastication of a food is

referred to as the ‘‘bolus’’.50

2.1.3. Stomach. The stomach can be considered to be a bag-

like structure where the food is processed and stored prior to

being transferred to the small intestine.51 The rate at which the

stomach is emptied can influence the subsequent rate and extent
34 | Food Funct., 2010, 1, 32–59
of nutrient digestion and absorption in the small intestine, as well

as influencing the feeling of satiety.52,53 The stomach consists of

three main regions with different physiological functions: the

cardia (upper section), fundus (middle section) and antrum

(lower section). The main function of the fundus is to secrete

gastric juice containing acids and digestive enzymes, while the

main function of the antrum is to generate mechanical forces that

mix, disrupt and transport the stomach contents.52,53

After the bolus is swallowed it rapidly passes through the

esophagus and into the stomach (Fig. 1), where it is mixed with

the acidic digestive juices containing gastric enzymes, minerals,

surface active materials, and various other biological compo-

nents, and is also subjected to mechanical agitation due to

stomach motility.54,55 The pH of the human stomach has been

reported to be between 1 and 3 under fasting conditions,44,56,57

but to change considerably after the bolus enters the stomach.44

Usually, there is an appreciable increase in the pH of the stomach

contents after food ingestion, followed by a gradual decrease

over the next hour or so until a value around pH 2 is reached. The

pH-time profile depends on the initial pH, buffering capacity,

composition, and quantity of food ingested.44 The high acidity of

the stomach plays a number of important physiological roles,

including activating enzymes, hydrolysis of food components,

and inactivation of microorganisms. In the fasted state, the ionic

strength of the stomach contents are around 100 mM, with the

major ionic species being: Na+ (70 � 30 mM); K+ (13 � 3 mM),

Ca2+ (0.6 � 0.2 mM) and Cl� (100 � 30 mM).57 There is usually

an appreciable increase in the ionic strength of the stomach

contents after food ingestion due to the additional ions arising

from the food.44

The stomach goes through a variety of contractive motions

that mix the bolus with the digestive juices, breakdown any large

fragments within the food, and transport the resulting material

into the small intestine at controlled rate.54,55,58–60 These

contractions vary in amplitude, frequency and duration

depending on whether the stomach contains food or not. An

ingested food component may remain in the stomach for a period

ranging from a few minutes to a few hours depending on its

quantity, physical state, dimensions, structure, and location.

Typically, the amount of food remaining within the stomach

after ingestion decreases by about 50% in 30 to 90 min, with fluid

components being emptied more rapidly than solid compo-

nents.54,55 The minimum size of any particles that can pass from

the stomach into the small intestine via the pylorus is about 1 to

2 mm.51 Particles with larger dimensions will remain in the

stomach until they have been broken down further. These

particles may be fragments of a solid or gel-like food that was

ingested, or they may be formed within the stomach itself e.g.,

due to the formation of a biopolymer gel under acidic condi-

tions.61 Thus, the fracture properties of the food material

consumed and the degree of mastication within the mouth may

have a large impact on the subsequent digestion any encapsu-

lated lipid droplets in the GI tract.

Appreciable digestion of emulsified lipids usually begins in the

stomach due to the presence of gastric lipase. Human gastric

lipase is a highly glycosylated globular protein with a molecular

weight of about 50 kDa, that is stable in gastric acid juices over

a wide range of pH values (2 to 7).62–64 Human gastric lipase has

been reported to have an isoelectric point of 6.6 to 7.9 depending
This journal is ª The Royal Society of Chemistry 2010
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on the iso-form,65 consequently it should be positively charged in

the highly acidic conditions in the human stomach. The

concentration of gastric lipase in the stomach is typically between

about 0.5 and 1 mM.

Gastric lipase binds to the surface of the lipid droplets, where it

converts the encapsulated tricylglycerols (TAG) into diac-

ylglycerols (DAG), monoacylglycerols (MAG), and free fatty

acids (FFA).64,66,67 Gastric lipase has a preference for hydro-

lyzing fatty acids at the sn-3 position of the glycerol backbone of

the TAG molecules.26 Lipid hydrolysis usually stops when the

droplet surface becomes covered with free fatty acids, which

occurs when about 4–40% of the fatty acids have been released

from the TAGs, with the amount depending on droplet size.15,26

The extent of digestion is usually greater for smaller droplets

(with a larger surface area), than for larger droplets (with a lower

surface area), since the former have more surface area. The

physicochemical mechanism for the inhibition of gastric lipase by

fatty acids is believed to be the trapping of the lipase within

a colloidal structure (200 nm) that is comprised of FFA, DAG,

MAG and phospholipids.1 The trapped lipase is prevented from

coming into close contact with the TAG at the oil–water inter-

face and so its activity is decreased.

The FFA released in the stomach may play an important role

in the subsequent digestion and absorption of foods: it may

promote lipid digestion by enhancing droplet disruption; it may

increase solubilization of digestion products in mixed micelles; it

may stimulate hormone release, which stimulates the secretion of

bile and pancreatic juices; it may increase the binding of co-

lipase; it may increase the activity of pancreatic lipase in the small

intestine.49,63 In particular, recent studies indicate that there are

fat receptors in the stomach that may trigger the release of bio-

logical signals (such as CKK) that stimulate the release of

pancreatic lipase and that slow down the emptying of the

stomach.26

The partially digested and disrupted food that leaves the

stomach and enters the small intestine is usually referred to as

‘‘chyme’’ (Fig. 1).

2.1.4. Small intestine. The small intestine is the region in the

GI tract where most of the lipid digestion and absorption

processes normally occur. It can be considered to be a tube-like

structure (about 2.5 to 3 cm in diameter) consisting of three

major regions: duodenum (about 26 cm long); jejunum (about

2500 cm long); and, ileum (about 3500 cm long).51 The actual

surface area of the small intestine is much greater than that

calculated for a simple smooth tube because of the complex

topology of the inner lining, e.g., villi and crypt structures.51

After entering the duodenum, the chyme is mixed with sodium

bicarbonate, bile salts, phospholipids, and enzymes secreted by

the liver, pancreas and gall bladder.50 The sodium bicarbonate

secreted into the small intestine causes the pH to increase from

highly acidic (pH 1 to 3) in the stomach to around neutral (pH

5.8–6.5) in the duodenum, where the pancreatic enzymes work

most efficiently.63 Nevertheless, studies with human subjects have

shown that there may be large variations in both stomach and

duodenum pH.44 The bile salts and phospholipids originating

from the liver (via the gall bladder) are surface-active and can

facilitate emulsification of the lipids by adsorbing to the droplet

surfaces.50 Lipid hydrolysis continues within the duodenum
This journal is ª The Royal Society of Chemistry 2010
through the actions of lipases originating from the pancreas.62,64

Lipids and lipid digestion products (e.g., FFA, sn-2 MAG,

cholesterol, phospholipids, and fat-soluble vitamins) are solubi-

lized within mixed micelles and vesicles consisting of bile salts

and phospholipids at the surface of the lipid droplets, and are

then transported to the epithelium cells for absorption. The

mixed micelles and vesicles must pass through the mucous layer

that coats the epithelium walls before it can reach them.

In the fasted state, the ionic strength of the small intestine has

been reported to be about 140 mM.57 After ingestion of food,

there is usually an appreciable increase in ionic strength due to

the additional ions arising from the food. The ionic strength is

particularly important because it influences the magnitude and

range of any electrostatic interactions in the system. The type of

ions may also be important since it is known that multivalent

cations (such as Ca2+ and Mg2+), may promote precipitation of

bile salts and long chain saturated fatty acids in the small intes-

tine, which has a major impact on lipid digestibility.68–70 In

addition, multivalent ions may interact with certain kinds of

biopolymers (such as alginate) to form gels that can inhibit lipid

digestion.

Bile salts play an extremely important role in the lipid diges-

tion and absorption processes. Bile salts are surface-active

molecules that can adsorb to oil–water interfaces and can form

micelles and other association colloids in water. They are

therefore capable of facilitating lipid droplet deformation and

break up during mechanical agitation, of stabilizing lipid drop-

lets against aggregation, and forming (mixed) micelles that

solubilize and transport hydrophobic molecules. In vivo they

usually perform these roles in conjunction with other surface

active substances, such as phospholipids, MAGs and FFAs. Bile

salts are synthesized from cholesterol in the liver. They have

structures that differ appreciably from other surfactants, because

they do not consist of a hydrocarbon tail and a hydrophilic head

group. Instead, they are fairly large rigid ‘‘plate-like’’ molecules

that have a hydrophobic side and a hydrophilic side. The

hydrophobic side can interact with substances that have a non-

polar character (e.g., other bile salts or lipid droplet surfaces),

whereas the hydrophilic side can interact with substances that

have a polar character (e.g., water). The ‘‘backbone’’ of bile salt

molecules is cholic acid, which may be conjugated with the amino

acids taurine or glycine in the liver, thereby increasing its water-

solubility.63 In the fasted state, the level of bile salts in the

duodenum is around 4.3 to 6.4 mM, while after ingestion of

a meal it increases to around 5 to 15 mM.44 Bile salts may adsorb

to freshly formed oil–water interfaces, or they may displace other

surface active substances already at oil–water interfaces.

As mentioned earlier, pancreatic lipase plays a critical role in

the lipid digestion process because it is the digestive enzyme

responsible for converting TAGs and DAGs into FFAs and

MAGs (sn-2 position). Pancreatic lipase preferentially hydro-

lyses fatty acids in the sn-1 and sn-3 positions on the glycerol

backbone, and has little specificity for fatty acid chain length.49

To catalyze this reaction the pancreatic lipase must adsorb to the

oil–water interface so that it is in close proximity to the TAG and

DAG molecules.71 Lipase usually does this as part of a complex

with co-lipase and possibly bile salts.63 The extent of binding of

pancreatic lipase to the droplet surfaces depends on the initial

interfacial composition and properties, as well as the presence of
Food Funct., 2010, 1, 32–59 | 35

http://dx.doi.org/10.1039/c0fo00111b


D
ow

nl
oa

de
d 

on
 2

5 
Ju

ly
 2

01
1

Pu
bl

is
he

d 
on

 2
4 

Se
pt

em
be

r 
20

10
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0F

O
00

11
1B

View Online
any surface active substances in the continuous phase.63

Competitive adsorption processes occur at the oil droplet

surfaces between the enzyme complex, bile salts, phospholipids,

digestion products, and other surface-active substances, which

could interfere with lipase adsorption to the droplet surfaces.71

Droplet surfaces may be coated with indigestible layers (such as

dietary fibers72 or silica particles73) that inhibit the direct access of

the lipase to the encapsulated lipids. The electrical charge on the

interface may affect any electrostatic interactions between the

enzyme complex and the droplet surfaces. The pH optimum of

pancreatic lipase is around pH 8.5, but it also operates well

around neutral pH.63 A co-enzyme known as ‘‘co-lipase’’ is

required for the optimum activity of lipase. It has been proposed

that this co-enzyme forms a stoichemetric complex with lipase

that adsorbs to the oil–water interface and brings the lipase into

close contact with the lipid substrate. Co-lipase is a polypeptide

with a molecular weight of about 10 kDa, which has a hydro-

phobic side that is believed to bind to the oil–water interface, and

a hydrophilic side that is believed to bind the lipase. Co-lipase is

secreted from the pancreas as pro-co-lipase, and then is con-

verted into its active form when trypsin cleaves off a peptide

called enterostatin. This peptide is believed to be a hormone that

regulates satiety, reduces fat intake, and inhibits pancreatic

secretion.63

The presence of bile salts may either promote or inhibit the

activity of pancreatic lipase depending on their concentra-

tion.63,74 At relatively low concentrations, they tend to promote

lipase activity, which can mainly be attributed to their ability to

solubilize lipid digestion products and remove them from the oil–

water interface, e.g., sn-2 MAGs and FFAs. If these products are

not removed from the droplet surfaces, then the fatty acids would

accumulate at the oil–water interface thereby preventing the

lipase from adsorbing and getting access to the TAGs and DAGs

within the droplets. In addition, if the lipid digestion products

were not removed from the site of enzyme activity, then the

conversion of TAGs to MAGs and FFAs would be inhibited by

the high local concentration of reaction products. On the other

hand, relatively high bile salt concentrations may inhibit the

ability of lipase to digest emulsified lipids. This effect can be

attributed to the ability of the bile salts to compete for the oil–

water interface with the lipase, thereby preventing it from coming

into close proximity to the lipid substrate.75 One of the key roles

of the bile salts is to form micelles that solubilize and transport

the lipid digestion products from the lipid droplet surfaces to the

intestinal membrane where they are absorbed. It is therefore

important that the bile salt concentration exceeds the critical

micelle concentration, which is usually around 1 to 2 mM.63 In

practice, the bile salt concentrations in the small intestine are

above the CMC:�6–15 mM in the duodenum (being higher after

consumption of a meal); �10 mM in the jejunum; <4 mM in the

ileum (where the bile salts are reabsorbed by the body).

Once the lipid digestion products have been transported across

the mucous layer in micelles and vesicles they are absorbed by the

intestinal enterocyte cells. The mucous layer has been reported to

be a stagnant layer (i.e., transport is mainly diffusion controlled)

with a thickness between 30 to 100 mm.76 The subsequent fate of

the digestion products (FFA and MAG) depends largely on the

molecular weight of their hydrocarbon chains. Long chain fatty

acids (LCFA) tend to be reassembled into TAGS within the
36 | Food Funct., 2010, 1, 32–59
epithelium cell, packaged into colloidal particles (lipoproteins),

and then transported to other tissues via the lymphatic

system.15,63,77 On the other hand, short chain fatty acids (SCFA)

and medium chain fatty acids (MCFA) tend to be absorbed

directly into the portal vein and pass through the liver before

entering the systemic circulation.3

2.1.5. Colon. The material that is not absorbed within the

small intestine passes from the ileum to the large intestine, which

is a tube-like structure with a length of about 1500 mm.78 The

large intestine can be divided into four major regions that differ

in their physiological functions: caecum, colon, rectum, and anal

canal. The colon itself can be divided into four regions, the

ascending, transverse, descending, and sigmoid regions. The

main physiological functions of the colon are the absorption of

water and electrolytes, the fermentation of polysaccharides and

proteins, the re-absorption of bile salts, and the formation,

storage and elimination of fecal matter.51,78 The pH of the colon

varies from region to region,78 with lower pH values occurring in

regions where dietary fibers are fermented and short chain fatty

acids (SCFA) are released.79 It has been reported that pH values

around 5.5, 6.2 and 6.8 represent the proximal, transverse, and

distal regions of the colon.80

Any material that is undigested in the upper GI tract will reach

the colon. Normally, lipids would be fully digested in the

stomach and small intestine, but some undigested lipid may pass

through the upper GI tract, particularly in specially designed

emulsion-based delivery systems. The droplets in oil-in-water

emulsions prepared using a non-digestible lipid phase (such as

a mineral oil or alkane) can reach the colon. If lipid droplets are

surrounded by an indigestible coating or embedded within an

indigestible matrix (e.g., dietary fiber), then they may not be fully

digested in the small intestine. Under these circumstances it may

be important to consider the processes that occur in the colon.

The colon contains a large number of different kinds of anaer-

obic bacteria species, which are capable of fermenting food

components that were not digested in the upper GI tract, e.g.,

dietary fibers, proteins and peptides.80 Thus, any lipids encap-

sulated within dietary fiber matrices may only be released after

they reach the colon due to bacterial fermentation. It has been

suggested that some undigested food ingredients may interfere

with the normal metabolic activity of the colonic microbiota,

which could alter the health status of the lower GI tract and even

the whole body.81,82 Consequently it is important to consider this

factor when designing any delivery system that might alter the

normal digestibility of food components.
2.2. Key features of gastrointestinal fluids

A number of the most important processes that occur when

emulsified lipids pass through the various regions of the human

GI tract were highlighted in Section 2.1. Based on this infor-

mation, we highlight some of the key parameters that need to be

taken into account when developing in vitro models to simulate

lipid digestion.

2.2.1. pH. There are considerable variations in the pH of the

aqueous medium surrounding the lipid droplets as they pass

through the GI tract: mouth (pH z 7); stomach (pH z 1–3);
This journal is ª The Royal Society of Chemistry 2010
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small intestine (pH z 6–7); large intestine (pH z 5.5–7). These

pH variations may cause considerably changes in the rate and

extent of lipid digestion. Solution pH determines the physico-

chemical properties of many of the components within the GI

tract, e.g., charge, solubility, aggregation state, physical inter-

actions, and chemical reaction rates. The water-solubility of

many minerals is highly dependent on pH, so that they may go

from soluble to insoluble in different regions of the GI tract. The

electrical charge of many emulsion droplets is pH-dependent,

particularly those stabilized by amphiphilic proteins, poly-

saccharides, and ionic surfactants. The stability of many emul-

sions to droplet flocculation and coalescence depends on the

magnitude and sign of their electrical charge.27 Protein-coated

lipid droplets change from negative to positive when the pH is

reduced from above to below their isoelectric point (pI). A

positively charged droplet may interact with negatively charged

components or surfaces within the GI tract, and vice versa. A

protein-coated lipid droplet may aggregate near its isoelectric

point since the electrostatic repulsion is no longer sufficient to

prevent droplets from coming into close proximity. Some anionic

polysaccharides, such as alginate and pectin, have pKa values

around 3.5, and so they may have little or no negative charge in

the highly acidic conditions within the stomach but have a high

negative charge in the neutral conditions in the small intestine.

The cationic polysaccharide chitosan, which is commonly used in

fabricating emulsion-based delivery systems, has a pKa value

around 6.5, and so it has a high positive charge at acidic pH but

little or no positive charge at neutral pH. Consequently, any

biopolymer matrices held together by electrostatic interactions

may change their properties in different GI fluids (e.g., swell,

shrink or disintegrate), which could impact the ability of lipase to

interact with the lipid droplet surfaces.

2.2.2. Ionic composition. There may be considerable varia-

tions in the type and concentration of ions surrounding the lipids

droplets, which may impact the electrostatic interactions in the

system through electrostatic screening or binding effects. For

example, long chain fatty acids may precipitate in the presence of

calcium ions, thereby removing them from the lipid droplet

surface (which facilitates further digestion), but which may also

reduce their subsequent absorption due to calcium soap forma-

tion.83 Sufficiently high concentrations of monovalent and

multivalent counter-ions can promote extensive flocculation in

emulsions containing electrically charged droplets, which may

restrict the access of lipase to the oil–water interface and slow

down digestion.84 Certain types of mineral ions are capable of

promoting the gelation of biopolymers within the GI tract, which

would affect the ability of digestive enzymes to reach any

entrapped lipid droplets. For example, alginate or pectin form

strong gels if there are sufficiently high levels of free calcium ions

present in solution.85 If any calcium binding agents are present

within a food product, such as EDTA or alginate, they may

reduce the amount of free calcium present, which will then alter

the ability of calcium ions to interact with other food compo-

nents.84

2.2.3. Enzyme activity. There are various kinds of enzymes in

the mouth, stomach, small intestine and colon that can digest

food components, such as lipids (lipases), proteins (proteases),
This journal is ª The Royal Society of Chemistry 2010
starch (amylases) and dietary fibers (glycosidases).50 The ability

of these enzymes to interact with their specific substrates within

a food may impact lipid digestibility and the absorption of

encapsulated lipophilic components. Enzyme accessibility to

a substrate may be influenced by physical barriers between the

encapsulated substrate and the surrounding aqueous phase

where the digestive enzymes are normally located. Lipid diges-

tion may not be initiated until the lipid droplets are released from

their original emulsifier coatings or from any matrices that they

are encapsulated in. The rate of lipid digestion may be decreased

by coating lipid droplets with a dietary fiber layer86 or by

embedding them within dietary fiber particles.87,88 Similarly, it

may be necessary for protein or starch coatings or particles to be

digested by proteases or amylases before the lipase can act on the

lipids. Enzyme activity may also be influenced by any food

components that can bind to them, either specifically or non-

specifically. For example, some foods contain natural enzyme

inhibitors, such as peptides from soybeans that inhibit prote-

ases89 and polyphenols from fruits and vegetables that inhibit

lipases.90

2.2.4. Surface active components. There are a variety of

endogeneous (e.g. proteins, peptides, phospholipids, and bile

salts), exogeneous (e.g., surfactants, proteins), and internally

generated (e.g., lipid and protein digestion products) surface

active substances present within the aqueous phase surrounding

the lipid droplets. These substances compete with the surface-

active substances already present at the oil–water interface,

potentially leading to changes in interfacial composition and

properties.71,91 Some of these surface active components also play

a crucial role in solubilizing lipid digestion products (MAG and

FFA) and lipophilic components and carrying them to the

epithelium cells for absorption. The mixed micelles and vesicles

present responsible for solubilizing and transporting highly

lipophilic components within the aqueous phase consist of bile

salts and phospholipids secreted by the body, as well as MAG

and FFA from the digested lipids.

2.2.5. Flow profiles and mechanical forces. The encapsulated

lipids may be exposed to various kinds of forces and flow profiles

during their passage through the human body.51 These processes

mix the various components together, breakdown structures

(lipid droplets, protein particles, hydrogel matrices etc), and

transport materials from one location to another. It is therefore

important to simulate or model these flow profiles in in vitro

digestion models.
3. Key physicochemical events occurring during lipid
digestion

A number of the key physicochemical events that occur during

the lipid digestion process are highlighted in this section (Fig. 2).
3.1. Matrix disruption

The lipid droplets in a food are surrounded by a matrix that may

be liquid-like, gel-like, or solid-like. The disruption of this matrix

within the GI tract may have an important impact on lipid

digestion, since it determines how easily digestive enzymes and
Food Funct., 2010, 1, 32–59 | 37
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other components can access the emulsified lipids, as well as how

easily any digestion products can leave the droplet surfaces. If the

lipid droplets are dispersed within a simple low viscosity fluid (as

in milk, nutritional beverages, or soft drinks), then they will be

rapidly dispersed within the digestive juices. The surface of the

lipid droplets will then be readily accessible to any surface active

components and enzymes present in the surrounding aqueous

media. On the other hand, if the lipid droplets are trapped within

a gel-like or solid-like matrix, then it may be necessary for this

matrix to be disrupted before the digestive components can

access the lipid droplet surfaces. Alternatively, the digestive

enzymes and other components may have to diffuse through this

matrix before they can reach the lipid droplets. The rate at which

these molecules diffuse depends on the pore size of the matrix, as

well as any specific attractive interactions between the molecules

and the matrix material. The initial size of the matrix particles, as

well as their response to changes in environmental conditions as

they pass through the GI tract, may therefore influence the rate

and extent of lipid digestion. The matrix material surrounding

a lipid droplet may respond to changing environmental condi-

tions in a number of ways: (i) remain intact; (ii) swell or shrink;

(iii) physically, chemically or enzymatically degrade; or (iv)

physically fragment. The behavior of a particular matrix material

will depend on the type and interactions of the molecules it

contains. For example, some biopolymers are enzymatically

digested in the stomach or small intestine (e.g., starches and

proteins), whereas others are indigestible (e.g., dietary fibers and

resistant starch). Electrostatic complexes formed between

anionic polysaccharides and proteins at low pH values, may

dissociate when the pH is raised above the isoelectric point of the

protein because this weakens the electrostatic forces holding

them together.92 This kind of information can be used to design

matrices that control the digestion and release of lipids within the

GI tract.14
3.2. Alterations in interfacial properties

The lipid droplets in foods are usually coated by an interfacial

layer that consists of emulsifiers and any other substances that

adsorb to the droplet surfaces, e.g., mineral ions, biopolymers or

solid particles.27 After a food is consumed there may be appre-

ciable changes in the properties of the interfacial coatings as the

droplets pass through the GI tract. The original emulsifier

molecules may be digested by enzymes, e.g., phospholipids by

phospolipases, proteins by proteases, or non-ionic surfactants

with ester bonds by esterases.93 The ability of the emulsifier

molecules to stabilize the lipid droplets against aggregation may

be changed considerably after they have been fully or partially

hydrolyzed. The original emulsifier molecules (or their digestion

products) may be displaced from the droplet surfaces by other

surface-active components present in the system.94,95 These

surface-active substances may come from the food itself (e.g.,

proteins, surfactants, phospholipids), or they may be generated

as a result of the digestion process (e.g., FFA or MAG), or they

may be secreted by the GI tract (e.g., bile salts, phospholipids, or

proteins).63 Alternatively, components within the digestive juices

may adsorb on top of the original layer of emulsifier molecules,

e.g., anionic mucin molecules can form a coating around cationic

protein-coated lipid droplets.96,97 All of these changes in
38 | Food Funct., 2010, 1, 32–59
interfacial composition may alter the subsequent susceptibility of

the lipids to digestion.
3.3. Droplet fragmentation, aggregation, and dissolution

There may be considerable changes in the size and aggregation

state of the lipid droplets in a food sample as it passes through

the GI tract. Bulk fats or large fat droplets may be broken down

into smaller droplets by the mechanical forces generated within

various regions of the GI tract (such as mastication and swal-

lowing in the mouth, churning in the stomach, passage through

the pylorus, and peristaltic movements within the intestines).

These processes may be facilitated by the presence of surface

active components such as digestion products, phospholipids,

bile salts, and proteins. If the interfacial layer surrounding the

droplets is not strong enough, then the droplets may coalesce

with each other when they collide within the GI tract, which leads

to an increase in mean particle size.4,97 If the repulsive interac-

tions between the lipid droplets are insufficiently strong, then the

droplets may self-associate and form flocs.84 As the lipid phase

within droplets is digested by lipase, there may be a decrease in

droplet size due to movement of the digestion products from the

droplet interior into the surrounding aqueous phase. Conse-

quently, there may be appreciable changes in the particle size

distribution and aggregation state of the lipid phase as it passes

through the GI tract,15,63 which may influence the ability of

enzymes to adsorb to the oil–water interface.

Microscopy studies have provided important insights into the

structural changes that occur during lipid digestion.98,99 These

studies have shown that digestion of emulsified lipids by

pancreatic lipase in the small intestine takes place by a sequence

of steps involving the formation of different phases. A liquid

crystalline or crystalline phase is observed around the lipid

droplet surfaces within the first few minutes of lipolysis, which

gets thicker over time. Eventually, any undigested oil within the

interior of the droplet may be expelled as a smaller oil droplet,

leaving the liquid crystalline or crystalline phase behind. These

latter phases are presumably formed due to the high local

concentration of surface active lipids (FFA and MAG) at the

droplet surfaces. The liquid crystalline phase tends to form at low

calcium concentrations, whereas the crystalline phase forms at

high calcium concentrations (due to fatty acid calcium soap

formation). Nevertheless, in the presence of sufficiently high

concentrations of bile salt micelles the lipid reaction products are

solubilized and therefore the liquid crystalline phases may not be

observed. The amount of bile salt micelles required to solubilize

the reaction products depends on their solubilization capacity –

once the available micelles have been saturated with digestion

products, then liquid crystalline phases may be observed. A

variety of different liquid crystalline phases may be formed

depending on the nature of the original lipid, solution compo-

sition, and digestion time.98,99
3.5. Solubilization and mass transport processes

The efficiency of the digestion process depends on the mass

transport of various reactants, catalysts, and products from one

location to another. Digestive enzymes must come into close

proximity to their substrates before they can carry out their
This journal is ª The Royal Society of Chemistry 2010
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biological actions. Thus, lipase must adsorb to the surfaces of

lipid droplets before it can convert the encapsulated TAG

molecules into MAG and FFA. These digestion products must

then be incorporated within mixed micelles and vesicles, which

must be transported across the mucous layer before they can be

absorbed by the epithelium cells. Similarly, proteases have to

adsorb to droplet surfaces if they are going to hydrolyze the

adsorbed protein coatings.

Consequently, it is important to be aware of the various kinds

of mass transport processes operating in the different regions of

the GI tract, and to elucidate the major factors that impact them.

Mass transport may occur predominantly by convective or by

diffusive processes, depending on the nature of the food matrix

and the specific region of the GI tract involved. The various

mechanical forces generated by the GI tract tend to mix

components together and move them from one location to

another, e.g., the peristaltic actions of the intestine. Nevertheless,

there are regions within the GI tract where mass transport is

mainly diffusion-limited. The movement of digestion products

solubilized within micelles and vesicles through the mucous layer

is normally considered to be diffusion-limited. If lipid droplets

are trapped within viscous, gel-like, or solid matrices, then any

digestive enzymes may have to diffuse through these matrices

before they can reach their substrates. In this case, the trapped

droplets would be digested at a slower rate than free droplets

because of the longer time taken for lipase to reach the droplet

surfaces.
3.6. Binding interactions

Foods are highly complex systems that often contain a wide

variety of different components, including sugars, salts, proteins,

polysaccharides, lipids, vitamins, etc. Many of these components

are capable of interacting with each other and forming complexes

that could potentially alter the rate and extent of lipid digestion.

In this section, we provide a few examples of some binding

interactions that could occur, while acknowledging that there are

many others possible. Indigestible polysaccharides (dietary

fibers) may interact with other molecular species in the GI tract

through electrostatic or hydrophobic interactions. For example,

cationic chitosan can bind anionic bile salts and free fatty acids

under simulated GI conditions, which may have a major impact

on lipid digestion and absorption.100 Ionic dietary fibers may

bind to the surfaces of oppositely charged lipid droplets where

they form a protective coating that inhibits lipase adsorption and

activity. Multivalent mineral ions can form electrostatic

complexes with oppositely charged species, thereby altering their

solubility, aggregation state, and physicochemical properties.

For example, calcium ions can form electrostatic complexes with

long chain fatty acids, which can promote lipid digestion by

removing the FFAs from the lipid droplet surfaces, but which

can also reduce the subsequent absorption of the FFAs by

forming insoluble soaps. Some food components may be able to

bind directly to digestive enzymes and thereby alter their activity

or ability to bind to lipid droplet surfaces, e.g., polyphenols. At

present there is a fairly poor understanding of how different

components within complex foods alter the behavior and

digestibility of lipids within the human GI tract. Clearly further
This journal is ª The Royal Society of Chemistry 2010
research is required in this area using well characterized complex

food products.

4. Lipid bioavailability

The term bioavailability has been defined as the fraction of an

ingested component (or its products) that eventually ends up in

the systemic circulation.101,102 For lipophilic components, the

bioavailability (F) can be defined as:101

F ¼ FB � FT � FM (1)

Here, FB is defined as the bioaccessibility coefficient or fraction of

the lipophilic components that is released from the food matrix

into the juices of the gastrointestinal tract, FT is defined as the

transport coefficient or the fraction of the released lipophilic

components that are transported across the intestinal epithelium;

and FM is the fraction of the lipophilic components that reaches

the systemic circulation without being metabolized. The value of

FM depends on the pathway that the lipophilic components

follow to reach the systemic circulation, e.g., short chain fatty

acids (SCFA) and medium chain fatty acids (MCFA) pass

through the portal vein and liver (where they may be metabo-

lized), while long chain fatty acids (LCFA) pass through the

lymph system (thereby avoiding the first pass through the

liver).3,50 LCFA are reassembled into TAGs in epithelium cells,

packaged into colloidal structures, and then leave the epithelium

cells, and enter the lymph system. Highly lipophilic bioactive

components also tend to be transported via the lymph system,

e.g., carotenoids. After the lipophilic components reach the

systemic circulation they may be distributed between different

tissues, where they may be stored, metabolized, or excreted.102,103

The relative rates of these various processes determine the time-

dependence of the concentrations of the lipophilic component

and its metabolites at specific locations within the body. The

concentration-time profile of a specific lipid component at

a particular site-of-action will determine its beneficial or adverse

affects on human health and wellness. Consequently, it is usually

important to measure the concentration of a lipid component at

a particular location in order to establish its potential efficacy.103

When determining the bioavailability of bioactive lipophilic

components it is important to account for the fact that they may

be chemically modified during passage through the gastrointes-

tinal tract prior to or after absorption, e.g., triglycerides are

converted to monoglycerides and free fatty acids, whereas some

lipophilic bioactives (such as polyphenolics) may be chemically

derivitized.102,104

5. Overview of in vitro lipid digestion tests

5.1. Introduction

A number of in vitro approaches commonly used to study lipid

digestion are highlighted in this section. Some of these

approaches focus on one particular region of the gastrointestinal

tract, whereas others utilize a number of sequential steps to more

accurately mimic the entire digestion process.105 In vitro digestion

models can therefore be conveniently characterized as:

� Single Step Models: One particular region of the GI tract is

simulated, e.g., the mouth, stomach, small intestine, or colon.
Food Funct., 2010, 1, 32–59 | 39
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The pH-stat method is an example of this type of model, which

only simulates digestion in the small intestine (Section 6).

� Multiple Step Models: Two or more regions of the GI tract

are simulated, e.g., mouth, stomach, small intestine, and colon. A

multiple step in vitro digestion model designed to simulate the

entire human GI tract is highlighted schematically in Fig. 3.

Using either approach, a food sample is prepared and then

subjected to one or more treatments designed to simulate specific

regions of the human digestive tract, e.g., mouth, stomach, small

intestine, and colon. These treatments usually involve mixing the

food sample with a simulated digestive fluid of specific compo-

sition (e.g., pH, mineral composition, enzyme activity, etc) using

controlled mixing conditions. All samples and solutions are

normally maintained at 37 �C to mimic human body tempera-

ture. The level of sophistication of the simulated digestive fluids

and mixing conditions used varies widely between different

models. The composition, structure, and/or physicochemical

properties of the sample being tested can be measured at specific

points throughout this process (Section 5.3). Sophisticated

analytical instruments specifically designed to simulate the full

digestion process are now commercially available, e.g., the

TIM� lipid absorption system from TNO Quality of Life, The

Netherlands.106,107 In this review, we mainly focus on those in

vitro methods that use equipment available in most research

laboratories, such as glassware, stirrers, and pH meters.
5.2. Simulation of different regions in GI tract

To accurately model the complex physiological and physico-

chemical events that occur within the human GI tract it is

necessary to simulate the composition, structure, and dynamics

of the various intestinal fluids that the lipid droplets encounter.107

In reality, this is often impractical because the in vitro digestion

model would become too complicated, time consuming, and

expensive to set up and operate. Consequently, researchers often

only utilize the key components that are believed to impact the

particular system that they are working with, and ignore the

other minor components. For example, proteases and amylases

may be omitted if the system studied does not contain proteins or

starches. Similarly, the wide variety of different monovalent and

multivalent ions present in the GI tract may be simulated by

simply using NaCl and CaCl2, respectively. One limitation of this

approach is that we currently do not have the detailed knowledge
Fig. 3 Schematic diagram of a multiple-step in vitro digestion model to

simulate the whole of the GI tract.

40 | Food Funct., 2010, 1, 32–59
of how many of these components influence the behavior of lipid

droplets in the GI tract. On the other hand, the simplicity of these

models allows one to rapidly screen many samples, and provide

some mechanistic understanding of the processes involved.

Promising candidate formulations can then be tested using more

sophisticated in vitro models, animal feeding studies, or human

trials. In the following sections, we highlight some of the most

important factors that need to be simulated in each region of the

GI tract.

5.2.1. Mouth. The major factors to consider when designing

an in vitro digestion step that simulates the human mouth are the

potential interactions of the lipid droplets with saliva, tongue,

and oral cavity (Section 2.1.2). Most researchers ignore droplet

interactions with the tongue and oral cavity because of the

difficulty in accurately mimicking these events in the laboratory.

Instead, the emulsion to be tested is mixed with a simulated saliva

fluid (SSF) under specific conditions (shearing, time, tempera-

ture). The compositional complexity of the SSF used in mouth

studies varies widely depending on the objectives of the

researchers. Some researchers use a simple buffer solution (e.g.,

pH 7) without any additional components to simulate oral

conditions. Other researchers use SSF that contains many of the

components found in human saliva, such as acids, buffers,

minerals, biopolymers, and enzymes.37,108 Recipes for preparing

simulated saliva solutions have been published.43,108 Some

researchers simply ignore the oral step altogether (Table 1),

assuming that it does not have an impact on lipid digestion. This

is likely to depend on the nature of the sample tested, and

particularly on emulsifier type. For example, some emulsions

undergo extensive flocculation and coalescence in the mouth due

to their interactions with the mucin in saliva.36,43 These changes

in droplet characteristics (size and interfacial properties) could

alter the subsequent digestion of the lipids in the stomach and

small intestine.

Recently, a number of researchers have developed analytical

methods to better understand the interactions of lipid droplets

with the tongue and oral cavity.109–111 A number of excellent

reviews of the various in vitro/ex vivo/in vivo analytical methods

developed have been published.96,97,112 These include methods

such as imaging (X-ray, sonography, NMR, and endoscopy),

microscopy (optical and confocal fluorescence microscopy), and

rheology (shear rheology, large strain deformation, and

tribology). These techniques can either be used in isolation or in

combination with each other. A particularly innovative

approach has been the use of combined tribology and micros-

copy methods to examine the flocculation, coalescence, and

spreading of lipid droplets under simulated oral conditions by

using a pig’s tongue as one of the interacting surfaces.96,111

The test sample that results from mixing the food sample with

the simulated saliva fluid can be referred to as the ‘‘bolus sample’’.

5.2.2. Stomach. The major factors to take into account when

designing an in vitro digestion step to simulate the behavior of

lipid droplets within the stomach are the high acidity, specific

enzyme activity, mineral composition, and mechanical/flow

profile (Section 2.1.3). Previous researchers have used simulated

gastric fluids (SGF) with different compositional complexities in

their in vitro digestion models (Table 1). The simplest digestion
This journal is ª The Royal Society of Chemistry 2010
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models involve adjusting the sample to a highly acidic pH (e.g.,

pH 1.2) for a fixed period (e.g., 2 h) with some form of

mechanical agitation (e.g., stirring). More sophisticated diges-

tion models include a range of different components in the SGF,

including acids, buffers, salts, organic molecules, biopolymers,

phospholipids, and digestive enzymes.44,57,108 In particular, it is

important to note that the stomach contains gastric lipase, which

may promote some initial lipid digestion within the stomach.

Recipes for preparing simulated gastric juices of varying

complexity have been published.2,108,113 A mechanical gut model

has been developed to simulate the complex flow profiles,

dynamic secretions, and mechanical forces that occur in the

human stomach by researchers at the Institute of Food Research

(Norwich, UK).114 Most researchers ignore droplet interactions

with the surfaces of the stomach in their in vitro digestion models

due to the inherent complexity of simulating the stomach’s

surface in the laboratory. Nevertheless, these interactions may be

important in applications where the lipid droplets are designed to

adhere to the stomach wall lining.

The test sample that results from mixing the food sample with

the simulated gastric fluid can be referred to as the ‘‘chyme

sample’’.

5.2.3. Small intestine. The major factors that need to be

considered when designing an in vitro digestion step to simulate

the behavior of lipid droplets within the small intestine are pH

changes (from acid to neutral), enzyme activities (particularly

lipase), biological surfactants (particularly bile and phospho-

lipids), and mineral content (particularly calcium). Simulated

small intestinal fluids (SSIF) of varying compositional

complexity have previously been used within in vitro digestion

models (Table 1). The simplest SSIF usually contain a mixture of

lipase (or pancreatin) and bile salts (or bile extract) at a pH

around neutral. More sophisticated models utilize SSIF that

contain buffers, salts, small organic molecules, proteins,

enzymes, co-enzymes, bile salts and phospholipids.2,44,108 SSIF

composition has been shown to play a major role in determining

the rate and extent of lipid digestion determined using in vitro

models (see below). It is therefore important to establish an

appropriate SSIF composition for a particular sample being

tested, e.g., the type and concentration of the components within

the SSIF that accurately reflect what happens in vivo. As in the

stomach, most researchers ignore the interactions of the lipid

droplets with the surfaces of the small intestine in their in vitro

digestion models. Nevertheless, a number of researchers have

recently examined the impact of the mucous layer on the

behavior of lipid droplets and other particles under simulated

small intestinal conditions.115 The lipid droplets may become

trapped within the mucous layer depending on their size and

charge, which is likely to impact how quickly they are digested

and absorbed.

The test sample that results from mixing the food sample with

the simulated small intestinal fluid can be referred to as the

‘‘digest sample’’.

5.2.4. Colon. The colon is one of the most difficult regions to

simulate in the laboratory. In vitro testing methods designed to

simulate the nutritional and environmental conditions in the

human large intestine range from simple static batch microbial
44 | Food Funct., 2010, 1, 32–59
cultures to multiple stage continuous cultures.116–118 A food

sample is typically incubated in one or more simulated colonic

fluids (SCF) that contain populations of bacteria representative

of those normally found in the human large intestine. These

bacteria may be cultivated from animal caecal contents or human

feces. One difficulty in accurately simulating the human colon is

the considerable variations in bacterial populations that exist

between individuals. Rather than using bacteria, it is possible to

formulate SCF that contain a mixture of enzymes typically

produced by colonic bacteria e.g., glycosidases to degrade dietary

fibers and proteases to degrade proteins.80,119 Due to the diffi-

culties in setting up and maintaining in vitro colonic models many

researchers prefer to go directly to animal models.117 Alterna-

tively, if there is strong evidence that the sample is fully digested

and absorbed within the small intestine, then this step can be

ignored.
5.3. In vitro versus in vivo correlations

In vitro studies offer several advantages over in vivo studies,

because they are usually faster, less expensive, more versatile,

and provide more details about physicochemical mecha-

nisms.2,105,120 Nevertheless, it is extremely difficult to accurately

mimic the complex physicochemical and physiological processes

that occur in the human digestive tract. For this reason, it is

usually advisable to combine in vitro studies with in vivo studies

using animals and humans (where possible). In addition, it is

important to establish in vitro–in vivo correlations to ensure that

any in vitro method being used to test a particular sample is

reliable.2,121,122 In this case, the rate and/or extent of lipid diges-

tion may be measured for similar test samples using an in vitro

method (e.g., pH stat) and an in vivo method (e.g., human feeding

study), and then the results correlated to one another. Eventu-

ally, one would like to obtain mathematical models that can

predict the real-life performance of a sample from results

obtained using an in vitro test model.
5.4. Physicochemical parameters measured in digestion studies

A variety of analytical techniques can be used to characterize the

changes in the properties of emulsified lipids as they pass through

simulated GI conditions. A number of the most important and

commonly used are highlighted in this section:

5.4.1. Enzyme activity: Formation of digestion products. A

variety of digestive enzymes are active in different locations

within the human GI tract, including lipases, phospholipases,

proteases, amylases, and glycosidases.51,63,80 An accurate in vitro

digestion model should therefore contain appropriate types and

levels of digestive enzymes, which will depend on the nature of

the sample being tested.

Lipases. One of the most important parameters to measure in

an in vitro digestion model is the rate and extent of lipid digestion

due to the activity of gastric and/or pancreatic lipase, i.e.,

conversion of triacylglycerols (TAG) and diacylglycerols (DAG)

into monoacylglycerols (MAG) and free fatty acids (FFA). The

most widely used method of measuring lipid digestion is to

determine the amount of free fatty acids produced by titration
This journal is ª The Royal Society of Chemistry 2010
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with an alkali solution.120 The automated ‘‘pH-stat method’’

based on this principle is discussed in a latter section (Section 6).

Nevertheless, other methods can also be used. For example, the

amounts of triacylglycerols, diacylglycerols monoacylglycerols,

free fatty acids and phospholipids present in the system can be

determined at specific digestion times using chromatography

methods, such as thin layer chromatography or TLC.123,124 The

concentration of specific fatty acids in the lipid and/or aqueous

phases can be measured over time using gas chromatography.123

This information can be used to determine which chain lengths,

degrees of saturation, and sn-positions of fatty acids on the tri-

acylglycerols molecules are most susceptible to digestion. The

human GI tract also contains phospholipases capable of

removing free fatty acids from phospholipids and esterases

capable of cleaving some non-ionic surfactants, and so it may be

important to include these enzymes when testing systems con-

taining these components.125

Proteases. If a lipid droplet is initially coated with a protein-

based emulsifier or if it is initially embedded within a protein-

based matrix, then it may be important to monitor the rate and

extent of protein digestion, since this may indirectly influence

lipid digestion.93,126 For example, the lipase may be unable to

access the lipid droplet surfaces until the protein has been

removed by hydrolysis into amino acids. Hence, the lipid diges-

tion rate could depend on the protein digestion rate. Protein

digestion can also be measured using the pH-stat method,127

although most previous studies have utilized chromatography

(particularly HPLC) or electrophoresis (particularly SDS-

PAGE) to monitor the conversion of proteins into peptides and

amino acids.93,113,128 The concentration and type of specific

proteins present within a sample can be determined by

combining electrophoresis and mass spectrometry methods.126

Glycosidases and amylases. If a lipid droplet is trapped within

a dietary fiber or starch matrix, then it may be important to

monitor the digestion of these components by glycosidases or

amylases, respectively.80,118 The rate and extent of polysaccharide

digestibility is typically monitored by determining the amount of

monosaccharides released over time using chemical, enzymatic,

chromatography, electrophoresis or spectroscopic methods. As

with proteins, the lipid digestion rate may depend on the poly-

saccharide digestion rate if the lipid droplets are encapsulated

within impenetrable polysaccharide matrices.

5.4.2. Particle size distribution and microstructure. The

specific surface area of an emulsion is inversely related to the size

of the droplets that it contains.129 Lipid digestion is an interfacial

phenomenon that requires the lipase molecules to adsorb to oil

droplet surfaces before hydrolysis can occur.15,63 Consequently,

the rate of lipid digestion often depends on the size of the oil

droplets in an emulsion.125,130 In addition, the size of the droplets

may change as they pass through the different regions of the GI

tract due to fragmentation, coalescence, flocculation, or diges-

tion processes. Consequently, it is often important to have

analytical tools to measure the particle size distribution of

emulsions as they pass through simulated GI conditions. Optical

microscopy techniques are suitable for studying emulsions that

contain lipid droplets greater than about 1 mm in radius.98,99
This journal is ª The Royal Society of Chemistry 2010
Specific stains or dyes can be used to highlight particular

components within an emulsion and determine its location, e.g.,

oil soluble dyes,113,131,132 protein stains,133 or polysaccharide

stains.100 Thus, one can determine whether a component is

present at the oil–water interface or dispersed within the

surrounding aqueous phase, and whether its location changes

during the digestion process. Electron microscopy (SEM or

TEM) can also be used to measure the structural features and

organization of the lipid droplets and other colloidal particles

present in the digestive fluids.

A number of instrumental methods are also available for

measuring the particle size distribution (PSD) of emulsions,

including static light scattering (SLS), dynamic light scattering

(DLS), particle counting, and ultrasonic spectrometry.27,134 Each

of these methods has a range of particle diameters that it can

reliably detect. For example, SLS instruments can typically

detect particles from about 0.1 to 1000 mm, whereas DLS

instruments can detect particles in the range 1 nm to 5 mm.

Instrumental particle size analyzers are able to provide rapid

analysis of the full PSD of emulsion samples in a few minutes,

and are therefore extremely convenient for monitoring changes

in particle dimensions during the lipid digestion process. They

can be used to monitor the breakup, coalescence, flocculation, or

degradation of lipid droplets, or to determine the dimensions of

other colloidal species present within the digestion fluids such as

micelles or vesicles. Nevertheless, these instrumental methods

often have a number of limitations when applied to studying lipid

digestion. There are often many components within the sample

itself or from the simulated GI fluids that can scatter light and

therefore contribute to the measured particle size distribution.

For example, there may be insoluble matter in the bile extract or

pancreatin used to prepare SSIF that obscure the light scattering

signal from the lipid droplets. It may therefore be advisable to

filter these SSIF solutions prior to utilization in the in vitro

digestion model.

5.4.3. Interfacial composition and properties. The composi-

tion and properties of the interfacial layer coating the lipid

droplets usually changes as an emulsion passes through the GI

tract. Consequently, it is useful to have analytical tools that can

measure interfacial compositions or at least detect alterations in

interfacial compositions. A number of direct and indirect

methods have been used to obtain information about interfacial

composition. Fluorescent probes can be used to tag surface-

active species (such as proteins, phospholipids or poly-

saccharides) to determine changes in their location during the

digestion process. The fluorescently-tagged molecules can either

be observed directly under a fluorescent microscope or they can

be analyzed by fluorescent spectroscopy. Front face fluorescence

reflectance spectroscopy measurements can be carried out on

emulsion samples without any sample preparation,135,136 whereas

fluorescent transmission measurements can be carried out on

transparent aqueous solutions after a suitable isolation step e.g.,

centrifugation, dialysis and/or filtration. Measurements of

droplet charge (z-potential) can be used to provide information

about changes in interfacial composition, e.g., due to the

displacement of one surface-active substance by another.129,131

Knowledge of the droplet z-potential may also be important in

its own right, since the charge on the droplets will determine how
Food Funct., 2010, 1, 32–59 | 45
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Fig. 4 (a) Schematic of an in vitro digestion model used to determine the

digestion and release of lipids encapsulated within nano-laminated lipid

droplets. The picture of the pH-stat titrator is kindly donated by Met-

rohm� USA, Inc. A triacylglycerol (TAG) is converted into two free

fatty acids (FFA) and one monoacylglycerol (MAG) by lipase. (b)

Schematic diagram of the three phases typically formed after centrifu-

gation of the material remaining after digestion in simulated small

intestine conditions.
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they interact with other components and surfaces within the GI

tract. Cationic particles may become trapped within the anionic

mucous layer (mucoadhesion), which will alter their ability to be

digested and absorbed.137,138 Interfacial tension and rheology

measurements are commonly used to detect changes in interfacial

composition at planar air–water or oil–water interfaces,

providing information that can be related to the behavior of lipid

droplet surfaces under similar conditions.94,139 Chemical analysis

methods can be used to measure changes in the aqueous phase

composition during digestion, which can be used to infer changes

in interfacial composition if the total amount of the component

in the system is known: CAds ¼ CAq � CTotal. A number of

different microscopy methods have been used to examine the

structural organization of adsorbed components at the oil–water

interface, such as atomic force microscopy and confocal fluo-

rescent microscopy.93,94

5.4.4. Formation of colloidal structures. A number of

analytical tools have been used to characterize the various kinds

of colloidal structures generated during the lipid digestion

process, such as liquid crystals, mixed micelles and vesicles.

These methods include light scattering,140,141 X-ray scat-

tering,142,143 neutron scattering,144 electron microscopy,145,146

electron spin resonance and NMR.147 In addition, some tech-

niques can provide information about the distribution of lipid

digestion products between the oil, water and colloidal phases,

e.g., electron paramagnetic resonance.148 The solubilization of

digestion products and lipophilic components within the

colloidal structures can usually be determined using standard

analytical methods, e.g., chemical, spectroscopic, chromato-

graphic or electrophoresis methods.

5.4.5. Binding interactions and aggregation. A number of

different kinds of binding interactions may occur in the GI tract

that could alter lipid digestibility: biopolymers may bind mineral

ions, enzymes, lipid droplets, phospholipids, and surfactants;

chelating agents may bind calcium; fatty acids and bile salts may

bind calcium (Section 2.1.5). For example, cationic dietary fibers

such as chitosan are known to strongly bind anionic bile salts,

fatty acids, phospholipids, and lipid droplets, which may inter-

fere with the normal digestion process.100 The method used to

study the binding interactions will depend on the nature of the

species involved. Some commonly used analytical methods

include equilibrium dialysis, isothermal titration calorimetry,

centrifugation, specific chemical reactions, chromatography,

electrophoresis, and spectroscopy.

5.4.6. Flow profiles and rheology. The rheological character-

istics of the digestive fluids in the GI tract may play an important

role in determining the rate and extent of lipid digestion.61,113 For

instance, their rheology may influence the flow profile and

mechanical forces generated within the GI tract, or the mass

transport of components through them. The rheology of diges-

tive juices may range from low viscosity liquids, to visco-elastic

fluids, to gel-like materials depending on their composition and

environmental conditions. Consequently, it is often important to

be able to characterize the rheological characteristics of the

system. The rheology may be measured using a number of

different analytical instruments, such as viscometers, dynamic
46 | Food Funct., 2010, 1, 32–59
shear rheometers, uniaxial compression methods, and flow

profiling techniques.27,149–151 The flow profiles in a reaction

chamber can be monitored by imaging methods, such as those

based on X-ray, NMR or acoustics. Alternatively, they can be

simulated using appropriate mathematical models that take into

account the geometry of the vessel and the nature of the applied

mechanical forces.152

5.4.7. Physical state. A number of studies show that the

physical state (solid versus liquid) of lipid droplets influences the

rate and extent of their digestion.153–155 Consequently, it may be

useful to determine the physical state of lipid droplets during

passage through a simulated GI tract if a high melting point fat

phase is used. The physical state of lipid droplets can be deter-

mined using a number of analytical techniques, including DSC

and NMR.27 Information about the packing of the crystals

within the lipid droplets can be obtained by X-ray diffraction

studies.156,157

5.4.8. Release of lipophilic components. Researchers are often

interested in monitoring the release of bioactive lipophilic

components encapsulated within lipid droplets during the

digestion process. One of the most commonly used methods is to

centrifuge the digested sample (Fig. 4a), which typically separates
This journal is ª The Royal Society of Chemistry 2010
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into three different layers (Fig. 4b): a pellet at the bottom, an

aqueous phase in the middle, and an oil phase at the top.158 The

pellet typically contains dense insoluble matter, such as aggre-

gates containing undigested proteins, dietary fibers, bile salts,

free fatty acids, and minerals. For example, insoluble calcium

soaps of free fatty acids are usually present in this layer. The

aqueous phase typically contains mixed micelles and vesicles that

contain bile salts, phospholipids, and lipid digestion products

(MAG and FFA). In addition, any lipophilic agents that were

originally encapsulated in the lipid droplets may be solubilized

within the hydrophobic interiors of these micelles and vesicles,

e.g., carotenoids. The cream layer contains any undigested lipid

in the form of oil droplets or bulk oil. After centrifugation the

different layers present can be collected separately and then

analyzed to determine their composition, e.g., using chemical,

spectroscopic, electrophoresis, or chromatographic methods.

This approach can be used to determine the amount of lipophilic

components released from the lipid droplets after digestion,

which is important when determining the bioavailability of

encapsulated substances.120,159

5.4.9. Absorption of lipophilic components. The absorption of

lipophilic components (digestion products or encapsulated

agents) by epithelium cells can be simulated in vitro using various

physical, biological, or cell-culture models:

Physical methods. For some types of lipid it is assumed that the

amount of digestion products released from the sample is

representative of the amount of digestion products absorbed by

the epithelium cells, i.e., the rate limiting step is lipid digestion,

rather than absorption. The amount of lipid digestion products

released can be determined by measuring their concentration in

the aqueous phase, which can be measured directly or after they

have been separated from the rest of the material by centrifu-

gation, filtration, or dialysis.160,161 For example, the free fatty

acids released from emulsified lipid droplets through the action

of pancreatic lipase can simply be measured by acid titration or

enzymatic techniques.86,162,163 The concentration of specific

bioactive lipids solubilized by mixed micelles/vesicles can be

determined using a suitable analytical method, usually after the

middle (micelle) phase has been separated from the cream layer

and pellet by centrifugation.164–166

Ex vivo permeation methods. A section of the GI tract is cut

from an animal after it has been sacrificed, and is then washed to

remove any residual components. Part of the intestine is then

clamped between two chambers: one of the chambers contains

the sample to be analyzed (donor chamber), while the other

chamber contains only buffer solution (receiver chamber).167 The

transport of the samples across the chamber is then measured

over time using suitable analytical methods. Alternatively, the

sample to be tested can be placed inside an intact section of GI,

which is then placed in an appropriate buffered solution. The

amount of material that moves across the intestinal walls and

into the surrounding buffer solution can then measured using an

appropriate analytical method.

Cell culture methods. Caco-2 cells are cell cultures that mimic

the human intestinal epithelium.168–170 They can be used in two
This journal is ª The Royal Society of Chemistry 2010
different ways to assess the absorption of lipid digestion prod-

ucts: (i) after the digested food material has been left in contact

with a membrane coated with Caco-2 cells, the amount of lipid

digestion products that pass through the coated membrane can

be measured; (ii) the amount of lipid digestion products that are

absorbed by the cells themselves can be determined. A suitable

analytical technique can then be used to measure the location or

quantify the amount of material absorbed, e.g., microscopy,

chromatography, spectrometry or chemical methods.
6. pH-stat method

6.1. Principle of the pH-stat method

The pH-stat method is an analytical tool widely used in phar-

maceutical and food research for the in vitro characterization of

lipid digestion under simulated small intestinal condi-

tions.120,122,125,171 It is based on measurements of the amount of

free fatty acids released from lipids, usually triacylglcyerols, after

lipase addition at pH values close to neutral. The sample to be

analyzed is placed within a temperature-controlled reaction

chamber that contains simulated small intestinal fluid (SSIF)

(Fig. 4a). The SSIF should contain appropriate levels of the

major digestive components known to influence lipid digestion,

such as lipase, co-lipase, bile salts, phospholipids, and mineral

ions (Table 2). It is usually assumed that the lipase in the SSIF

catalyzes lipid digestion leading to the generation of two FFAs

and one MAG per TAG molecule, although further digestion

can occur in some situations. The concentration of alkali

(NaOH) that must then be added to the digestion cell to

neutralize the FFAs produced by lipid digestion, and thereby

maintain the pH at the initial pre-set value (e.g., pH 7.0), is

recorded versus time (Fig. 4a). The pH-stat method is relatively

simple and rapid to carry out and enables comparison of

different systems under similar experimental conditions. This

technique can therefore be used to rapidly screen the impact of

different physicochemical factors expected to affect lipid diges-

tion.

Recently, a simple mathematical model was developed to

describe the FFA versus time profiles obtained by the pH stat

method.172 The percentage of total free fatty acids released (F) as

a function of time (t) measured by the pH-stat method is char-

acterized by the following equation:

F ¼ fmax

 
1�

�
1þ 3kMt

2d0r0

��2
!

(1)

Here, fmax provides a measure of the total extent of digestion

(i.e., the maximum percentage of the total FFA present that is

released at the end of the reaction), k provides a measure of the

rate of digestion (i.e., mmols of FFA released per unit droplet

surface area per unit time), d0 is the initial droplet diameter, r0 is

the oil droplet density, and M is the molar mass of the oil. A pH-

stat profile can then be characterized in terms of just two

parameters: fmax and k, which can be determined by finding the

values which give the best fit between the experimental data and

the mathematical model.

It should be noted that the pH stat method only simulates the

small intestine, and it is usually necessary to simulate the other

parts of the digestive tract to get more realistic results. For
Food Funct., 2010, 1, 32–59 | 47
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example, a sample could be passed through a simulated mouth

and stomach model, and then analyzed using the pH stat

method.
6.2. Influence of SSIF composition on the pH-stat method

One of the most important factors affecting the digestion rate

determined using the pH-stat method is the composition of the

simulated small intestinal fluid (SSIF) used.2 Previous

researchers have used various SSIF compositions when carrying

out in vitro lipid digestion studies using the pH stat method

(Table 2). In addition, a number of workers have examined the

influence of specific SSIF components on the rate and extent of

lipid digestion. Ideally, the conditions used should closely

simulate those found in the human GI tract (Section 2), and the

digestion results obtained should correlate closely with those

obtained using in vivo studies. The role of the major components

within SSIF is highlighted below:

6.2.1. Lipase and other enzymes. Pancreatic lipase is the key

component in any in vitro model designed to simulate lipid

digestion within the small intestine. Consequently, it is important

to use an appropriate type and concentration of pancreatic lipase

in the pH-stat method. Previous researchers have used various

types and forms of lipase in SSIF, including pancreatin,

pancreatic lipases, and non-pancreatic lipases. Pancreatin is

a complex mixture of digestive enzymes (lipase, protease,

amylase, etc.) and other biological components produced by the

exocrine cells of the pancreas, which is typically obtained from

animal sources, such as pigs or cows. The chemical composition

and functional performance of pancreatin (and consequently its

enzyme activity) varies depending on its biological origin, isola-

tion, and purification procedures, and hence there are often

considerable batch-to-batch and supplier-to-supplier varia-

tions.173 Purified pancreatic lipases are also available commer-

cially that have been isolated from various animal and human

sources, although these are more expensive that using pancreatin.

In addition, it is important to use an appropriate amount of co-

lipase with pancreatic lipase to ensure its optimum performance.

The advantage of using pancreatic lipases is that they are

chemically more well-defined, and there is less batch-to-batch

variation. Some researchers have used non-pancreatic lipase

sources for their in vitro lipid digestion studies, e.g., Candida

rugosa, Candida cylindracea, Rhizopus niveus, and Mucor mei-

hei.174 These lipases have the advantage of been highly pure and

reproducible, and less expensive than pancreatic lipase.

However, they may not accurately mimic the behavior of

pancreatic lipase in the lipid digestion process.

The catalytic activity of lipase depends on its origin and

history. For example, the catalytic activity of an enzyme ingre-

dient may decrease if it is exposed to excessively high tempera-

tures or if it is stored too long. Hence, researchers should be

careful not to subject lipase ingredients to temperature abuse,

and should prepare fresh lipase preparations for each experi-

ment. The catalytic activity of lipase also depends on solution

and environmental conditions, such as temperature, pH, ionic

strength, and the presence of chemical denaturants.71,175–177 These

conditions should therefore be standardized in any in vitro

digestion test. It is therefore recommended that each batch of
This journal is ª The Royal Society of Chemistry 2010
lipase should be standardized prior to utilization.120 A commonly

used method for determining lipase activity is to measure the

amount of free fatty acids released from a fixed amount of

a standardized emulsified lipid (e.g., triolein or tributyrin) after

a specific digestion time under standardized conditions (pH,

ionic strength, temperature).120,167 Nevertheless, the rate of lipid

digestion has previously been shown to depend on emulsifier type

and droplet size distribution,130,131 and so these parameters

should also be standardized. At present there is no consensus on

the best values to use for these parameters. We propose using

lyso-lecithin as a standard emulsifier since it can form stable

emulsions and is readily available from chemical suppliers, and

using lipid droplets with a standard mean diameter (d32) around

2 mm since these can be produced using simple high shear mixers

and are fairly stable over the experimental time scales involved.

The concentration of pancreatic lipase in the human small

intestine depends on many factors, including the individual,

health status, age, time of day, and type and amount of food

consumed.15,63 It is therefore difficult to recommend one defini-

tive lipase level to use in an in vitro test method. Ideally, one

should examine a range of lipase concentrations that encom-

passes those typically found in the human GI tract. However, it is

usually assumed that humans have a great excess of lipase in the

GI tract, and so it is advisable to use a relatively high level of

lipase in in vitro studies, e.g., equivalent to 2.4 mg/mL pancreatin.

It should also be noted that there may be various other

enzymes present in the small intestine that may directly or indi-

rectly alter the rate of lipid digestion. If lipid droplets are coated

by digestible emulsifiers (such as proteins, phospholipids, and

some surfactants) or if they are embedded within gel-like or solid

particles (such as proteins, or polysaccharides), then the diges-

tion of these components may be important. For example, if lipid

droplets are coated by a layer of adsorbed protein molecules,

then this layer may have to be digested by proteases before the

lipase can reach the triacylglycerols.93 Similarly, if lipid droplets

are embedded within a protein hydrogel particle, then it may be

necessary for the protein matrix to be fully or partially digested

by proteases before the lipase can reach the triacylglycerols.13

Some of these other digestive enzymes are naturally present in

pancreatin, e.g., proteases and amylases. On the other hand, it

may be necessary to add some or all of these enzymes if pure

pancreatic lipase or non-pancreatic lipase is used. For samples

containing lipids encapsulated within other digestible compo-

nents it would be informative to run experiments with and

without non-lipase digestive enzymes to determine their influence

on the overall lipid digestion rate.

An example of the influence of lipase concentration on the rate

and extent of lipid digestion of b-lactoglobulin stabilized corn

oil-in-water emulsions measured using the pH stat method is

shown in Fig. 5a. The rate and extent of lipid digestion increased

as the lipase concentration in the reaction vessel increased. At

low lipase levels (#0.2 mg/mL), FFAs were released slowly and

most of the lipids within the droplets remained undigested after

30 min (<35% FFA released). At intermediate lipase levels (e.g.,

0.4 and 0.8 mg/mL), there was an initial period from 0 to 10 min

when FFAs were released slowly, followed by another period

when the rate of FFA release increased appreciably. At high

lipase levels ($2.4 mg/mL), the amount of FFA released

increased rapidly with time almost immediately after digestion
Food Funct., 2010, 1, 32–59 | 49
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Fig. 5 (a) Influence of lipase concentration in the pH-stat reaction vessel

on the rate and extent of lipid digestion determined by monitoring the

free fatty acids (FFA) released over time (adapted from Li et al. 2010). (b)

Influence of bile salt concentration in the pH-stat reaction vessel on the

rate and extent of lipid digestion determined by monitoring the free fatty

acids (FFA) released over time (adapted from Li et al. 2010). (c) Influence

of calcium concentration in the pH-stat reaction vessel on the rate and

extent of lipid digestion determined by monitoring the free fatty acids

(FFA) released over time (adapted from Li et al. 2010).
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started, and then leveled off at longer times because all the lipids

within the droplets had been fully digested. One would expect the

rate of lipid digestion to increase as the lipase concentration

increased because there would be more total enzyme present in

the system to catalyze the conversion of triacylglycerols to free

fatty acids.71 In addition, the amount of lipase present at the oil–

water interface, where the lipolysis reaction occurs, will increase

as the lipase concentration increases.71 Lipase is a surface-active

protein that can compete for the oil–water interface with other

surface-active components,139 such as the b-lactoglobulin

initially coating the lipid droplets or the bile salts added to the

reaction vessel. At low lipase concentrations, there may be

insufficient lipase present to displace b-lactoglobulin and/or bile

from the oil–water interface, and so the enzyme cannot come into

close contact with the lipid substrate within the droplets. The

observation of an initial slow rate of FFA release at intermediate

lipase concentrations may be explained by the finite time

required for lipase to adsorb to the lipid droplet surfaces and

displace the b-Lg and/or bile coating so as to get access to the

triacylglyercols within the droplet core.178 Presumably at higher

lipase concentrations the adsorption and displacement processes

occur rapidly so that digestion could begin almost immediately

after the digestive enzyme was added to the reaction vessel.

6.2.2. Bile. Bile is another key component in any SSIF used

to simulate lipid digestion in the small intestine.2 Typically,

researchers use either bile extract or one or more individual bile

acids in their simulated small intestinal fluids. Bile extract is

a complex mixture of various kinds of molecules typically found

in the GI tract (such as bile acids, phospholipids, and minerals),

and may therefore more accurately reflect in vivo conditions than

individual bile acids, however it tends to be more variable and

inconsistent in composition and performance. In addition, bile

extract often contains insoluble matter, which can interfere with

the analysis of lipid droplets and other colloidal structures in

digestion media, and therefore it should be filtered before use.

Individual bile acids can be purchased in pure form, which

often facilitates the design and interpretation of experimental

digestion measurements. On the other hand, using purified bile

acids may be less representative of the complex composition of

actual small intestinal fluids. For this reason, researchers often

utilize a mixture of bile acids and other biological components

(such as phospholipids) to reflect the bile composition in the

human GI tract. Typically, bile contains four major types of bile

acids (cholic, deoxycholic, chenodeoxycholic, and lithocholic

acids), as well as their glycine and taurine derivatives.51 Some

researchers have tried to simplify the complexity of bile

composition by only using the major bile acid components. For

example, in a recent study a mixture of sodium taurocholate

(NaTC, 52.7%) and sodium glycodeoxycholate (NaGDC, 47.3%)

was used to mimic human bile.95,179

An example of the influence of bile concentration on lipid

digestion in b-lactoglobulin stabilized corn oil-in-water emul-

sions measured using the pH stat method is shown in Fig. 5b.180

The rate and extent of FFA release decreased as the concentra-

tion of bile extract in the reaction vessel increased from 0 to

20 mg/mL. The suppression of lipid digestion by bile salts is well

established in the literature, where it has been attributed to

the ability of surface-active bile salts to displace lipase from the
This journal is ª The Royal Society of Chemistry 2010
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oil–water interface thereby preventing it from coming into close

contact with the lipid substrate.63,71,74,181 Addition of co-lipase

has been shown to reverse this effect and increase lipase

activity.63 The data shown in Fig. 5b was obtained using an

isolated porcine lipase, rather than a crude pancreatin extract

containing both lipase and co-lipase, which accounts for the

observed decrease in lipase activity with increasing bile salt

concentration. In the same study, the ability of bile salts to

displace proteins from droplet surfaces was demonstrated using

z-potential measurements.

6.2.3. Calcium and other minerals. A number of in vitro

digestion studies have highlighted the important role that

calcium plays in determining the rate and extent of lipid digestion

using the pH-stat method.83,84,182 Calcium ions may impact the

lipid digestion process due to a number of different physico-

chemical mechanisms.

� Enzyme activity: Calcium is believed to be a necessary co-

factor for the proper functioning of pancreatic lipase62,183–185

� Removal of FFA from droplet surfaces: Lipase digestion of

emulsified lipids can be inhibited by accumulation of long-chain

fatty acids (LCFA) at the droplet surfaces, since this restricts the

access of the lipase to the triacylglycerols.15 Calcium is known to

precipitate these LCFA, thereby removing them from the lipid

droplet surface and allowing the lipase to access the emulsified

lipids.98,99 Consequently, calcium ions are able to increase the

rate and extent of lipolysis by this mechanism.83,125,182,186

� Reduced digestibility of flocculated droplets: Calcium ions are

highly effective at causing droplet flocculation in emulsions

containing lipid droplets coated with anionic emulsifiers. It is

more difficult for the lipase molecules to reach the surfaces of the

lipid droplets trapped in the center of a floc, which may slow

down the lipid digestion rate in flocculated emulsions.84

� Reduced digestibility due to gel formation: Calcium ions may

promote the gelation of certain types of biopolymers (such as

alginate and pectin), which can lead to the formation of hydrogel

matrices that trap lipid droplets and inhibit the diffusion of lipase

to the droplet surfaces.

� Reduced bioavailability of precipitated FFA: Studies have

shown that insoluble soaps are formed between calcium ions and

LCFA, which can reduce the bioavailability of these fatty acid

digestion products.70,187,188

It is therefore critical to use an appropriate level of calcium in

the SSIF used in pH-stat studies. A certain level of calcium is

naturally present in human digestive juices and additional

amounts may also arise from ingested foods, particularly those

having have levels of this mineral.83 Typically, the calcium levels

in the human small intestine have been reported to be in the

range 5 to 30 mM as reflected in the levels used in most pH-stat

digestion models (Table 2).

The importance of calcium levels on lipid digestion in corn oil-

in-water emulsions stabilized by b-lactoglobulin was recently

studied in our laboratory.180 The lipid digestion process

measured by the pH-stat clearly depended on the level of calcium

ions present in the SSIF. The rate and extent of FFA production

increased when the calcium level increased from 0 to 10 mM, but

decreased when 20 mM calcium was added (Fig. 5c). Two

different digestion regimes could be distinguished at 20 mM

calcium: Regime I - an initial period from 0 to 30 min when
This journal is ª The Royal Society of Chemistry 2010
digestion was relatively slow; Regime II – a later period when the

digestion rate increased appreciably. The increase in digestion

rate with increasing calcium in Regime I can be attributed to the

ability of Ca2+ ions to precipitate LCFA digestion products that

tend to accumulate at the oil–water interface and inhibit lipase

activity.83,125 The dramatic suppression of FFA production

observed in Regime II suggests that the ability of lipase to access

the lipid droplet surfaces was restricted, presumably because the

high calcium levels promoted extensive droplet flocculation.

The concentration of free calcium ions in the small intestine

will depend on the presence of any other components that can

bind calcium. These components may be naturally present within

the human body such as mucins or specific proteins, or they may

be present within ingested foods such as chelating agents (EDTA,

phosphates) and biopolymers (proteins, peptides and poly-

saccharides).85,189–191 Recent studies have shown that food

components that bind calcium strongly, such as EDTA and

alginate, are able to greatly reduce the lipase activity in oil-in-

water emulsions.84 This may be important when designing and

interpreting pH-stat measurements of lipid digestion in complex

food systems.

Other mineral ions, such as sodium, potassium, sulfates,

phosphates and bicarbonates, may also be present in the diges-

tive fluids in a human’s small intestine.51 These minerals may play

an important role in the digestion process since they can affect

the magnitude and range of any electrostatic interactions in the

system, which may alter the physicochemical properties, solu-

bility, and aggregation state of various components within the

system. It is therefore important to use mineral levels that reflect

those found in vivo. Typically, a single monovalent salt (such as

NaCl or KCl) is used to create an ionic strength that mimics

physiological levels (z 150 mM),120 although some studies have

used more complex mixtures.192

6.2.4. pH. The pH of the small intestine depends on

a number of factors and typically varies from one location to

another.193 In the stomach, the droplets are surrounded by

a highly acidic environment (pH 1 to 3), but when they enter the

duodenum the pH is increased to around neutral (pH 5.8–6.5)

due to secretion of sodium bicarbonate.63 Nevertheless, studies

with human subjects have shown that there may be large varia-

tions in duodenum pH depending on the individual involved, and

the type and amount of food consumed.44 In particular, the pH

of the stomach contents may increase appreciably after ingestion

of a food, before gradually returning to the fasting pH level. As

the food passes along the small intestine the pH tends to increase

to around pH 7 to 7.5. The pH used in an in vitro digestion model

may influence the results for a number of different reasons:

� Enzyme activity: Pancreatic lipase has an optimum pH where

it exhibits its maximum rate of lipid digestion.175 It has been

reported that pancreatic lipase has a maximum activity around

pH 8.5,63 but that it also has good activity at pH values around

neutral.175

� FFA ionization: The ionization of free fatty acids depends on

solution pH relative to their pKa value.174,194 In aqueous solution,

the ‘‘true’’ pKa of FFAs has been reported to be around 4.7 to 4.9

depending on their chain length, and so they should be

predominantly in their ionized anionic form around neutral

pH.174 However, in the presence of lipid droplets the ‘‘apparent’’
Food Funct., 2010, 1, 32–59 | 51
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pKa of free fatty acids may be considerably higher than their

‘‘true’’ values due to partitioning effects. The ionized form of

FFA tends to partition between the oil and water phases, but the

non-ionized form tends to accumulate predominantly in the lipid

phase. Consequently, the tendency for any FFA formed at the

droplet surfaces to move into the surrounding aqueous phase will

depend on the pH relative to the pKa value. The apparent pKa of

free fatty acids has been reported to increase with increasing

hydrocarbon chain length and with increasing fat content, with

values of pKa ¼ 11.2 being reported for lauric acid in a 50% fat

system.174 This effect may therefore be important in systems

where long chain triacylglycerols are used as the lipid phase and

the lipid content is relatively high.

� Ingredient properties: The electrical charge, interactions,

aggregation, and solubility of many other ionic species may also

depend on solution pH. For example, the stability of emulsified

lipids to droplet aggregation often depends on pH.

Consequently, the rate and extent of lipid digestion will

depend on the pH in the reaction vessel, which should be taken

into account when comparing measurements on different

systems.

6.2.5. Other factors. Various other factors should also be

considered when designing an appropriate simulated small

intestinal fluid for pH-stat studies. Lipids are normally consumed

by humans in a diet that contains a range of other components,

including dietary fibers, proteins, carbohydrates, minerals. Many

of these components may interfere with the digestion process,

either decreasing or increasing the rate and extent of digestion.

For example, dietary fibers may interact with the lipid digestion

process through a variety of physicochemical mechanisms

depending on their molecular characteristics.195 They may bind

to components within the SSIF, such as calcium, bile salts or

lipase, thereby altering their activity. They may form protective

coatings around lipid droplets, or they may promote droplet

flocculation, which alters the ability of the lipase molecules to

access the lipids. Some food components (e.g., polyphenols) may

be able to bind to digestive enzymes and reduce their activity.196
6.3. Proposed standardized pH-stat method for testing

emulsified lipids

It would be useful to have standardized test conditions for in vitro

lipid digestion models so that the results from one study can
Table 3 Proposed standardized pH-stat method for testing emulsified
lipids using the in vitro digestion model under fed state conditions

Experimental Parameter Proposed Value

pH 7
Reaction Cell Volume 37.5 mL
Temperature 37 �C
Stirring speed 4 s�1

[NaOH] in titration unit 0.1 mM
Lipid content in reaction cell 300 mg
NaCl in reaction cell 150 mM
CaCl2 in reaction cell 10 mM
Bile Extract in reaction cell 20 mg/mL
Pancreatin (100–400 units/mg

protein) in reaction cell
2.4 mg/mL

52 | Food Funct., 2010, 1, 32–59
easily be compared to those of another within and between

laboratories. Ideally, this model should give a measure of lipid

digestibility that correlates well with that found for similar

systems passing through the human digestive tract. In addition, it

would be useful for the test procedure to be relatively inexpensive

and easy to implement so that it can be adopted by many

different laboratories. The pH-stat method is relatively

straightforward to set up and carry out, only requiring an

automatic titration unit capable of controlling pH.120 Based on

the results of ours and others work we propose the experimental

conditions outlined in Table 3 as a basis for a standardized pH-

stat digestion model. This model is certainly too simplistic to

accurately reflect the complex physiological and physicochemical

processes that occur in the human gastrointestinal tract, but it

does contain the major factors expected to impact lipid digestion

and it is relatively simple to implement.

Ideally, the rate of FFA release should fall within a reasonably

rapid timeframe (e.g., 30 min) so that multiple samples can be

conveniently screened. The above conditions should lead to

a release rate that falls within this timeframe. Nevertheless, there

are often variations in the activity of the lipase within pancreatin

from batch-to-batch or during storage, which means that it may

be necessary to adjust its concentration so as to obtain a FFA

release profile in the appropriate timeframe. The mean particle

diameter and emulsifier used in an experiment should always be

reported, since the rate of FFA release in the pH Stat method

depends on both of these parameters. The effect of particle size

may be taken into account by using the mathematical model

described above to calculate the FFA release per unit time per

unit surface area.
6.4. Application of pH-stat method

In this section, we demonstrate the usefulness of the pH-stat

method using some recent data obtained from our laboratory.

6.4.1. Influence of lipid droplet composition. The composition

of the lipid phase present within food and beverage emulsions

varies depending on the nature of the product.27 Studies in the

pharmaceutical area indicate that lipid type can have a major

impact on lipid digestion and absorption.3,121,197 Consequently, it

is useful to study the impact of lipid type on the digestion of oil-

in-water emulsions used in the food industry. We recently used

the pH-stat method to study the influence of lipid type on the rate

and extent of lipid digestion (Fig. 6a). Oil-in-water emulsions

stabilized by b-Lg were prepared with similar droplet sizes and

concentrations using either corn oil (long chain triglyceride,

LCT) or medium chain triglyceride (MCT) as the lipid phase.172

The rate and extent of lipid digestion was clearly higher when

MCT was used than when LCT was used. This effect can be

attributed to the fact that the medium chain FFA digestion

products arising from MCT have a higher dispersibility in

aqueous media than the long chain FFA digestion products

arising from LCT.3,121 The medium chain FFAs are able to

migrate rapidly away from the droplet surfaces and into the

surrounding aqueous phase, and so they do not inhibit the

interfacial lipase reaction. On the other hand, the long chain

FFAs tend to accumulate at the oil–water interface and inhibit

lipase activity until they are removed by being solubilized in
This journal is ª The Royal Society of Chemistry 2010
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Fig. 6 (a) Influence of lipid type (corn oil versus medium chain triglyc-

erides) on the rate and extent of lipid digestion determined by monitoring

the free fatty acids (FFA) released over time using the pH stat method

(adapted from Li and McClements 2010). (b) Influence of initial mean

droplet diameter on the rate and extent of lipid digestion determined by

monitoring the free fatty acids (FFA) released over time using the pH stat

method (Li et al. 2010). (c) Influence of initial mean droplet diameter on

the rate and extent of lipid digestion determined by monitoring the free

This journal is ª The Royal Society of Chemistry 2010
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micelles or precipitated by calcium ions. Similar results have been

reported by a number of other researchers using the pH stat

method.160,167

6.4.2. Influence of lipid droplet size. The initial size of the

droplets in food and beverage emulsions can be controlled by

controlling system composition and homogenization condi-

tions.27 As the droplets pass through the GI tract their size may

change due to fragmentation, coalescence, flocculation, or

digestion processes (Section 3). The size of the oil droplets within

the small intestine should impact their digestion rate since the

surface area of lipid exposed to the surrounding aqueous envi-

ronment is inversely related to the mean droplet diam-

eter.4,27,63,198 Recently, it has been shown that lipid droplet size

influences stomach motility and the release of gut hormones,

which has important consequences for designing foods to

combat obesity.22 It is therefore important to establish the

influence of droplet size on the rate and extent of lipid digestion.

We recently used the pH stat method to monitor lipid digestion

of MCT oil-in-water emulsions stabilized by b-Lg with different

mean droplet diameters: d ¼ 195 nm or 14,700 nm (Fig. 6b).172

The rate of FFA released per unit time (FFA% s�1) was appre-

ciably higher for the emulsion with the smaller droplets, which

should be expected because it has a bigger specific surface area

for the lipase molecules to bind.27 This result is consistent with

earlier in vitro digestion studies that also found the rate of lipid

hydrolysis (expressed per unit time) increased with decreasing

droplet size.125,198 On the other hand, when the digestion rate was

normalized to the droplet surface area it actually increased with

increasing droplet size: k ¼ 0.65 and 3.93 mmol s�1 m�2 for the

small and large droplets, respectively. The overall concentration

of lipase within all of the emulsions was the same and so the

increase in k with increasing d32 may have occurred because the

amount of lipase available per unit droplet surface area increased

as the droplet size decreased. Thus, there may have been more

lipase molecules adsorbed per unit surface area in the emulsions

containing the large oil droplets than those containing the

smaller ones.71

6.4.4. Influence of lipid droplet encapsulation. Encapsulating

lipid droplets within hydrogel particles has been suggested as

a means of controlling their digestibility.4,129 In these systems the

rate of lipid digestion depends on how quickly the lipase in the

aqueous phase can access the surfaces of the encapsulated lipids.

The rate of lipid digestion can be controlled in a number of ways

using this approach, e.g., controlling the permeability of the

hydrogel matrix, controlling the dimensions of the hydrogel

particles, or controlling the fragmentation or dissociation of the

hydrogel particles in the digestive fluids.

The influence of encapsulating lipid droplets within hydrogel

particles (calcium alginate beads) on the rate and extent of lipid

digestion is shown in Fig. 6c. Three samples containing the

sample total amount of lipid (MCT) but with different micro-

structures were prepared: (i) non-encapsulated lipid droplets; (ii)

non-encapsulated lipid droplets mixed with unfilled calcium
fatty acids (FFA) released over time using the pH stat method (Li et al.

2010).

Food Funct., 2010, 1, 32–59 | 53
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alginate beads; and, (iii) lipid droplets encapsulated inside

calcium alginate beads. The non-encapsulated (free) lipid drop-

lets were completely digested within the first 25 min of hydrolysis,

with the amount of FFA released increasing steeply during the

first 5 min and then leveling off at longer digestion times

(Fig. 6c). On the other hand, the lipid droplets encapsulated

within the calcium alginate beads were digested at a much slower

rate, with <8% FFA being released within the first 25 min of

digestion. The ability of the calcium alginate beads to retard

digestion was attributed to a number of physicochemical

phenomena: (i) lipase/co-lipase molecules have to diffuse through

the hydrogel matrix before they can adsorb to the lipid droplet

surfaces; (ii) FFA and MAG have to diffuse out of the hydrogel

particles otherwise they will retard the hydrolysis reaction.15,63

Interestingly, when non-encapsulated (free) oil droplets were

mixed with the same type and concentration of unfilled calcium

alginate beads, there was no inhibition of lipolysis (Fig. 6c). This

demonstrated that the beads themselves were not responsible for

retarding the lipid digestion process (e.g., by trapping or binding

the lipase or bile). Instead, the delayed digestion rate appears to

be due to the fact that the droplets are trapped within the gel

network.

6.4.4. Other factors. A number of other factors have been

studied recently using the pH stat method, which are summarized

below:

Emulsifier type. Some studies have shown that emulsifier type

has a major impact on the rate of lipid digestion, whereas others

have found little effect. Wickham and co-workers found that

lipid droplets initially coated by phospholipids were digested

more rapidly than those coated by proteins.199 Chu and co-

workers found that the rate of lipolysis of lipid droplets could be

inhibited by coating them with galactolipids with large hydro-

philic head-groups that retard adsorption of bile salts and lipase

through steric hindrance.179 Reis and co-workers found that the

rate of lipid digestion was lower for droplets initially coated by

monoglycerides than those coated by proteins or phospho-

lipids.200 Our laboratory previously found that the resistance of

lipid droplets stabilized by different emulsifiers to lipid digestion

decreased in the following order: non-ionic surfactant (Tween

20) > phospholipids (lecithin) > protein (caseinate or WPI).131

Nevertheless, in a recent study we found that the rate of lipid

digestion was fairly similar for MCT oil-in-water emulsions

stabilized by four different types of emulsifier: b-Lg, Tween 20,

lecithin and lyso-lecithin.172

Dietary fiber coatings. It has been proposed that the rate of

lipid digestion can be controlled by coating lipid droplets with

one or more layers of dietary fiber.201 The rationale behind this

proposal is the fact that dietary fibers should not be digested in

the stomach or small intestine, and therefore they may prevent

lipase from adsorbing to lipid droplet surfaces (provided the

dietary fibers are not displaced from the droplet surfaces and that

the layers formed are impermeable to lipase diffusion). The pH

stat method has recently been used to study the impact of dietary

fiber type, number of layers, sequence of layers, and layer cross-

linking on the rate and extent of lipid digestion.72,86,201,202 These

studies found that the lipid digestion rate could be decreased by
54 | Food Funct., 2010, 1, 32–59
depositing one or more dietary fiber layers around the lipid

droplets, but that the droplets were still digested eventually.

Dietary fiber coatings may therefore be a useful means of

retarding lipid digestion in the human GI tract, which could be

utilized for the development of functional foods to promote

satiety.

Droplet physical state. A number of in vitro studies have shown

that the physical state of lipid droplets can influence their

digestibility by pancreatic lipase.153,154,203,204 These studies found

that solid lipid particles were digested by lipase, but at a slower

rate than liquid lipid droplets. Recently, we carried out a study

using two emulsions with the same lipid type (tripalmitin), but

with one containing lipid droplets that were completely liquid

and the other containing lipid particles that were completely

solid.155 We found that the rate and extent of lipid digestion were

greater in the emulsions containing liquid droplets, but that lipid

digestion still occurred in the systems containing solid particles.

Other researchers have shown that fat crystallization within lipid

droplets may also indirectly influence the rate of lipid digestion.52

In this case, emulsions were designed so that they contained

partly crystalline droplets that underwent partial coalescence in

the small intestine.27,205 The partially coalesced emulsions

exhibited slower digestion than stable emulsions, which was

attributed to the fact that it was more difficult for the lipase

molecules to reach the lipid droplet surfaces within the large

clumps of fat droplets in the unstable system.

Ingredient interactions. Foods and beverages generally have

much more complicated compositions than the simple model

systems used in in vitro digestion studies. A number of the

components typically found in foods may impact lipid digestion.

For example, we recently examined the influence of calcium

binding agents (EDTA and alginate) on the rate and extent of

lipid digestion.84 We found that both EDTA and alginate could

greatly suppress the digestion of triacylglycerols containing long

chain fatty acids, which was attributed to their ability to bind free

calcium ions. Consequently, there would have been an accumu-

lation of LCFA at the lipid droplet surfaces, which would have

inhibited lipase activity.
7. Conclusions

There has been growing interest by food scientists in under-

standing and controlling the digestion of lipids within the human

gastrointestinal tract. The main driving forces for this interest are

the development of emulsion-based delivery systems to encap-

sulate, protect and release lipophilic bioactive components

within the GI tract, and the possibility of modulating human

hunger and appetite by controlling the location and rate of lipid

digestion within the GI tract. This article provides an overview of

the major physicochemical events that occur during lipid diges-

tion, and reviews a number of in vitro testing methods that have

been developed to monitor lipid digestion. In particular, we

focused on the pH stat method for simulating lipid digestion in

the small intestine, since this method is useful as a rapid screening

tool for studying the influence of product composition and

structure on lipid digestibility. Considerable advances have been

made in this area throughout the past decade, which is providing
This journal is ª The Royal Society of Chemistry 2010
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the fundamental knowledge required to rationally develop new

food-based strategies to tackle food related diseases, such as

heart disease, diabetes, cancer, and hypertension.
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