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Target

Desired functionality
in food product

Biological, chemlcal Conditions
physical * During

active ingredient * In food matrix
* During release

Overlapping
windows?
YES

Define adjusted windows by control of
* Composition
= Barrier properties
* Reaction rates
* Physical structure
* Duration of exposure
[
v v
Implement adjusted windows by Implementation
= Encapsulation
* Formulation
= Processing
« Packaging

Analysis

NO

Functionalities

Technologies

Diagram 1. Outline of a retro-design approach
towards the optimization of the
functionality and performance of
active ingredients in complex food
matrices.
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Encapsulation

DELIVERY OF
ACTIVE INGREDIENTS

Formulation

Processing

Diagram 2. Technologies for the delivery of
active ingredients in foods. Encapsulation
is the isolation of the active
ingredient within the food product
using food-grade materials. Formulation
encompasses the structuring of the
active ingredient, often on molecular
or nanoscale levels using food-grade
ingredients interacting with the
active ingredient. By adaptation of
the processing conditions, the adverse
effects on the active ingredient may
be minimized, or the performance of
active ingredient may be maximized.
Packaging extends beyond a
narrow definition of delivery approaches
as it generally uses non-food
grade materials and processes and
is not included in the diagram.
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: Physical loss

Chemical loss

Retention [%]
r'
Qo
'1

0 0.05 041 015 02 025 03
Molecular volume [nm?]

80+ .
704
60
50+
40+
30+

20+

10 H
TR BTaA B81a 8]
butyraldehyde  dlacetyl ethylmercaptan

Loss [%]

Fig. 1. Diffusion and degradation of flavor
compounds encapsulated in a complex
food matrix largely consisting of
amorphous carbohydrates: (a) granule
morphology 1s an important parameter to
optimize  when  the  stability of
encapsulated flavors is determined by

for 42 days at 37 8 and a water
activity of 0.33. By plotting the flavor
retention in a product prototype as
function of the molecular volume of the
various flavor compounds in the flavor
composition, a separation of the flavor
retention data into two distinct groups is
observed. The open symbols denote the
flavor compounds of which the retention
is related to their molecular volume.
These flavor compounds may be
considered to be chemically stable in the
matrix and their losses are caused by
evaporation of the flavor into the
surrounding atmosphere. The retention of
a number of flavor compounds is much
lower than predicted on basis of their
molecular volume (filled symbols). These
flavor compounds are chemically unstable
in this particular prototype matrix. The
fraction of the flavor lost owing to
chemical degradation may be estimated
by subtracting the calculated physical
loss for a hypothetical chemically stable
flavor molecule from the total loss; (c)
loss of three key compounds from coffee
aroma after storage (42 days, 37 8&C,
water activity Z0.33) for two different
spray-dried encapsulation matrices: A,
coffee-based matrix;, B, maltodextrin
matrix (DE-10). The height of the bar
indicates the total loss of the flavor
compound, divided in physical loss (black
bar) and chemical loss (open bar).
Adapted with permission from Ubbink
and Reineccius (2002).

iffusi i idati 4G we PRl 1 Bale] BE3} ¥
diffusional losses (evaporation, oxidation | B B Lol i Fe] EE

by enviommental  oxygen). When ~ BX @th AmHom olefd BAEBe e
chemical reactions with the matrix are of eAHe AEOREE AR BAE 2
e g 1% Aol Szt 7 2% 24 Skl 43t
carbohydrate granules; (II) freeze—dried = 58t ukgo] 93 o}, o] W od %
granules; barZ100 mm; (b)) flavor 2= ks l&sl vjE oK) spEE & 4
retention in coffee-based carbohydrate Aol 9JolAl Bt Ea A Qo] A Al 2a

matrix in the glassy state after storage
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Objective:
Flavor impact during
consumption of food product

y

Flavor incorporation
in product

Flavor retention
during storage

Flavor release
from product

T Minimization of flavor
arget loss during storage

Chemical Physical
processes processes
s ¥ ! vy
Reactions Flavor-food Oxidation by Diffusional
between flavor matrix atmospheric losses
compounds reactions oxygen
| | L
v v v v v
Functionalities CDntrlaIaf ‘ Contrpla( ‘ Contr_oloi Barrier ‘ Barrier
prop prop
””””” L v A4 v
Separation Encapsulation Use of Encapsulation in
Technologies of flavor in inert matrix i
glasses

Diagram 3. Retro—analysis of the delivery of
flavors in food matrices.
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Target Probiotic active
ingredient

v v

Dead microorganisms Stabilization of viable
or cell i i

Analysis l—‘—l

—— Physico-chemical
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Stress Stabilized biological || Low free radical Low water
resistance structures activity activity
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\ 4 A
Strain Stress Genetic Glass Antioxidants || Moisture Drying of
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Diagram 4. Retro—analysis of the delivery of
probiotics in food matrices.
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Table 1. Functionalities, working principles and technologies in the delivery of active ingredienfs in foods

Functionality Principle

Technology

Status

Control of migration
Oxygen Amorphous carbohydrates in

glassy state

Water (vapor and liquid) Lipid coatings

Organic molecules (e.g.
flavor compounds)

Amorphous carbohydrates in
glassy state, polysaccharide films

Phase partiticning

Comiro! of release
Hydrogels (coacervates, alginate
complexes, gelatine capsules)

Emulsions and complex fluids

High molecular weight starches
and starch derivatives
Reaction control
General Separation of reactants
Change of local conditions
(e.g. pH}
Quenching in glassy state
Complexation of reactant
Oxidation Antioxidants

Bioavailability of poorly soluble active ingredients
Increase of solubility by
surfactants, proteins, cils

Increase of specific surface area

Stabilization of fragile biological materials
Heat Amorphous carbohydrates in
glassy state

Light

Spray-drying
Extrusion

Spray-chilling
Fluidized-bed coating

Various

Complex coacervation, nozzle
techniques for bead preparation

Emulsification, self-assembly

Extrusion

Phase-separated or fractionated
systems

Liposomes/vesicles

Glassy carbohydrates

Proteins, cyclodextrins
hydrecolloids

Various

High-speed homogenization

Self-assembly
Micronization

Freeze-drying,
Spray-drying

Successful in dry state, problematic in
moist matrices

Limited functionality, in particular in
complex food systems or on small
particles

Successful in dry state, satisfactory in
low moisture states

Effective when large differences in
hydrophobicity between organic com-
pound and bulk of food matrix; equili-
brium distribution attained

Many successiul applications known.
Shelf life is often an issue.

Emulsions are often used, but have
limited functionality. Applications of
self-assembly are in infancy.

Numerous applications developed

Few examples known; further explora-
tion desirable

Widely used

Sensitivity to changes in environmental
conditions; specificity of sclutions

First applications are developed, simi-
larity to pharmaceutical approaches

Successful in dry state, problematic in
moist matrices

Diagram 4o UeRd ukel o] AytAl A o2 Sge g5 AF ARl e AdA v
BrlelA 7heat A3F WiEg A 20S ] 9 Ao S85 7IEAH SR 03 -05 Atele] %)
3 elar ket M 2REelA AESS $31 fow It EE AFE AR dikew
AZ17] ABlA, Al sjdA BE TES B AeolA 12 dY AIRRe etk o] =4
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(a)

Molecular mobility;
Rate of reactions

Temperaturs
Water content

Rubbery state
Increasing
melsecular
weight

[
1=

Glassy state
a,,

Fig. 2. Materials science of amorphous carbohydrate
matrices: (@) in food matrices, the
molecular mobility and the rate of
reactions depend exponentially on both
temperature and water content. Consequently,
food properties need investigation as a
function of two independent parameters;
(b) the glass transition of an amorphous
carbohydrate matrix decreases strongly
with increasing water content or water
activity. An increase of the average
molecular weight leads to an increase of
the Tg at the constant water content or
water activity; (c) a nolecular interpretation
of the interaction of water with amorphous
carbohydrates. In dry state, the hydroxyl
groups on the sugar residues form
hydrogen bonds (left diagram). Water
absorbed into the system leads to
plasticization both by interference with
the hydrogen bonding between the
carbohydrate chains and by creation of
additional free volume (right diagram).
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