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Abstract

A non-invasive method based on the broadening of electron spin resonance (ESR) lines in the presence of oxygen (oximetry) has
been developed to determine the rate of permeation of oxygen from head space into oil, encapsulated in a glassy matrix (a food
model made from sucrose, maltodextrin and gelatine by freeze-drying). The lipophilic nitroxide 16-doxylstearic acid, 16-DSA, was
used as a spin-probe, and it was found to be concentrated mainly in the oil phase in the glassy matrix. The concentrations of oxygen

in the freshly made glasses were found to be similar to the concentration in atmospheric air, and the process of freeze-drying is
apparently not able to remove oxygen before the glassy system solidi®es. Storing the oil-encapsulating glasses under oxygen
increased the oxygen concentration inside the matrices, and the rate of permeation was found to increase with temperature. A

kinetic model for the oxygen permeation was established, based on the rate data obtained up to full saturation of the oil with
oxygen below the glass transition temperature (Tg=65�C ), and on data for partial oxygen saturation above the glass transition
temperature. The kinetic model includes a temperature independent master curve and allows for structural heterogeneity. The

energy of activation for oxygen permeation was found to be 74�6 kJ/mol for the glassy matrix, and the large value is in favour of
the molecular model for oxygen di�usion rather than the free volume model, and accords with the zeroth-order kinetics for oxi-
dation of lipids encapsulated in a glassy matrix, which has previously been observed to be associated with oxygen permeation as the

rate-determining step. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Foods with high concentrations of carbohydrates or
proteins are often able to form a glassy phase upon
drying or freezing, and lipids present may become
encapsulated as in dried whole egg powder, milk pow-
der, and instant soups. An increased long term stability
of the food system is often associated with the glassy
state and this e�ect has generally been rationalized as a
consequence of the high viscosity (Sun, Leopold, Crowe
& Crowe, 1996).
The permeability of oxygen through the glassy matrix

in food systems is of outmost importance for the storage
stability of encapsulated oils and for the viability of

freeze-dried starter cultures (Andersen, Fog-Petersen,
Larsen & Skibsted, 1999). Oxygen permeability coe�-
cients have been measured for glassy carbohydrate sys-
tems with simple geometries such as ®lms
(Arvantioyannis, Kalichevsky & Blanshard, 1994),
whereas studies of oxygen permeation in food model
systems are of a more indirect nature. Imagi, Muraya,
Yamahita, Adachi and Matsuno (1992) estimated the
di�usion coe�cient of oxygen dissolved in glassy
matrices of sugar or protein to be in the range of 10ÿ2

m2/s from an estimate of lipid oxidation. It has also
been reported that encapsulated lipids are not oxidized
unless the glassy matrix crystallizes or collapses (Lab-
rousse, Roos & Karel, 1992).
ESR oximetry has proved to be a powerful technique

for measuring oxygen concentrations inside biological
systems (Swartz & Glockner, 1989). The method relies
on incorporating a paramagnetic substance, a spin
probe, into the biological sample. Oxygen, which itself is
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a paramagnetic substance, broadens the ESR signal of
the spin probe through Heisenberg spin exchange in
such way that a change in line width, �w, is linearly
proportional to the oxygen concentration (Swartz &
Glockner, 1989).
Paramagnetic coal based materials, lithium phthalo-

cyanine, and nitroxyl radicals have been used as spin
probes for ESR oximetry (Afeworki, Miller, Devashaha-
yam, Cook, Mitchell, Subramanian & Krishna, 1998;
Inoue, Utsumi & Kirino, 1994). Nitroxyl radicals have
the advantage of responding almost instantaneously to
changes in oxygen concentration, corresponding to the
rate of a bimolecular collision. Furthermore, the nitr-
oxide group can be attached to a wide range of host
molecules for design of spin probes with speci®c prop-
erties (Morse & Smirnov, 1995).
In this paper we present results from a continuation

of the work of Orlien, Andersen, Sinkko and Skibsted
(2000) on a food model of vegetable oil encapsulated in
a glassy matrix made from sucrose, maltodextrin and
gelatine, for which permeation of oxygen through the
matrix was found to be rate-limiting for oxidation of
encapsulated oil. In the present work we address the
question of oxygen permeation in a more direct way,
and monitor the oxygen concentration of encapsulated
oil as a function of time and temperature on both sides
of the glass transition temperature by using ESR oxi-
metry with a lipophilic nitroxide spin probe located in a
saturated, non-oxidizable oil as the encapsulated phase.

2. Materials and methods

2.1. Preparation of emulsions and storage

Solutions were made of 2.25 g sucrose (extra pure,
Merck, Darmstadt, Germany), 1.25 g maltodextrin (DE
10, from maize starch, Fluka, Neu-Ulm, Switzerland)
and 0.25 g gelatine (225 bloom, from calf skin, Aldrich,
Milwaukee, USA) in 24 ml water (MilliQ, Millipore Q-
plus, Millipore Corporation, Ma, USA). The solutions
were emulsi®ed with 1.25 g saturated Medium Chain
Triglyceride oil (MCT-oil, Delios1 V, GruÈ nau Illertissen
Gmbh, Illertissen, Germany) made 0.217 mM with the
spin probe 16-doxylstearic acid (16-DSA, Aldrich, Mil-
waukee, USA) for 5 min with a homogeniser (Ultra
Turrax, Jankel & Kunkel IKA-Labortechnich, Staufed,
Germany). The samples were frozen in a 1 cm layer at
ÿ80�C and freeze-dried (P=0.1 mbar, 48 h). The freeze-
dried material was transferred to ESR tubes that were
open at both ends (clear fused quartz, inner diameter 4
mm, outer diameter 5 mm, length 180 mm, Wilmad
Glass Co., Buena, NJ, USA), and the tubes were closed
at one end with a plug of glass wool. Non-encapsulated
oil was removed by washing three times with hexane
(HPLC-grade, Fisher Scienti®c, Leicestershire, UK) in

the ESR tubes and the material was dried for one week in
an evacuated desiccator over P2O5 at room temperature.
The ESR tubes were transferred to 500 ml separation

funnels with glass taps at both ends functioning as
desiccators. Each desiccator contained three ESR tubes
with freeze dried and washed food model, a small paper
bag of silica gel, an ESR tube with 0.217 mM 16-DSA
in MCT oil and a sample of the food model for DSC
and water content measurements. The desiccators were
¯ushed with 100% O2 or 100% N2 for 10 min immedi-
ately after each measurement to reestablish the atmo-
sphere. Desiccators ¯ushed with 100% O2 were stored
at 5, 22, 37, 45, 60, 65, 70, 75 and 80�C, and the desic-
cator that was ¯ushed with 100% N2 was stored at
22�C. The experiment was repeated for samples stored
at 22�C.

2.2. Electron spin resonance measurements

ESR spectra were recorded with a Jeol FR30 spec-
trometer (Jeol, Tokyo, Japan). Typical instrument
parameters used were microwave power: 4 mW, sweep
width: 7.5 mT, sweep time: 4 min, modulation width:
0.1 mT, and time constant: 0.3 s. The spectra were ana-
lysed in terms of the peak to peak line width, �Hpp, of
the central line (MI=0) (cf. Fig. 2 below), and the
amount of spin probe was quanti®ed as the area obtained
by integrating the derivative ESR spectra twice.
Standard curves of �Hpp against the oxygen con-

centration were obtained by saturating a solution of
43.4 mM 16-DSA in MCT oil with gas mixtures (Hede
Nielsen A/S, TaÊ strup, Denmark) of oxygen and nitro-
gen (0, 21, 40, 60, 80 and 100% vol. O2) immediately
before recording the ESR spectra. Standard curves were
obtained at each temperature by equilibrating the oil
with the gas mixtures at 5, 22, 37, 45, 60, 70 and 80�C,
respectively, and sealing the ESR tubes. All ESR spectra
were recorded at 22�C.
ESR spectra of the food models were recorded at

given intervals during a period of 48 days. The ESR
tubes containing the food models stored in an oxygen
atmosphere were gently ¯ushed with oxygen during the
measurements, and the food models stored under nitro-
gen were ¯ushed with nitrogen. Every second set of the
regular ESR measurements was supplemented with
additional experiments in order to examine the amount
of poorly or non-encapsulated 16-DSA-containing oil
not removed by washing and accessible to oxygen or
nitrogen within a short timescale. The additional ESR
measurements were performed by gently ¯ushing the
samples with nitrogen and oxygen for food models
stored under oxygen and nitrogen atmospheres, respec-
tively, for 10 min before recording the ESR spectra. The
amount of non-encapsulated oil was, furthermore,
examined on the ®nal day of the experiment by washing
the food models thoroughly with hexane, and compar-
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ing the intensities of ESR spectra recorded before and
after this second hexane-washing.

2.3. Water content

Water content of the food models was recorded by
Karl Fischer titration (Mettler Toledo DL18, Schwer-
zenbach, Switzerland). Samples (0.2 g) were incubated
with 6 ml water-free methanol (0.001% H20, BHT,
Laboratory Suppl., Poole, England) for 24 h at room
temperature for extraction of water. Aliquots of 1 ml of
the extract were titrated.

2.4. Di�erential scanning calorimetry

The glass transition temperature, Tg, of the food
model was determined using a DSC 820 from Mettler
Toledo (Schwerzenbach, Switzerland). The DSC 820 is
based on the heat ¯ux principle and cooled with liquid
nitrogen. Calibrations of heat ¯ow and temperature
were performed with indium (mp=156.6�C,
�fusH=28.5 J/g), zinc (mp=419.5�C, �fusH=107.5 J/
g), gallium (mp=29.8C, �fusH=80.1 J/g) and n-decane
(mp=ÿ29.7�C, �fusH=202.1 J/g) as standards. Five to
15 mg of food model was hermetically sealed into 40 ml
aluminium DSC crucibles (ME 27331). An empty sealed
aluminium crucible was used as reference . The samples
were taken through a temperature course from 10 to 95
to 10 to 120�C with 5�C/min. Triplicates and rescans
veri®ed, in each case, the endothermic baseline shift
associated with a glass transition. The glass transition

temperature Tg was taken as the onset of the endother-
mic baseline shift.

2.5. Oxidative stability

The oxidative stability of the MCT oil was investi-
gated by measuring the peroxide value of samples stored
at 5, 22, 37 and 45�C after storage for 48 days by the
IDF Standard 74A (1991).

2.6. Non-linear curve ®tting

Non-linear curve ®tting was performed using the Ori-
gin graphical software package (Microcal Software,
Inc., Northhampton, MA, USA).

3. Results

3.1. The food model

The food model was a slightly modi®ed version of the
system previously designed to be stable against crystal-
lization and collapse and characterized by optical and
scanning electron microscopy (Orlien et al., 2000). The
glassy matrix encapsulating the oil had a fragile and
porous structure, and the oil particles were found to
have sizes in the order of 20 mm and to be encapsulated
and distributed throughout the matrix. The food model
used in the present study was modi®ed by using an oxi-
datively stable MCT oil consisting of mixed decanoyl

Fig. 1. DSC scan of food model heated from 20 to 90�C with 5�C/min

(ÐÐ), cooled and reheated from 20 to 120�C with 5�C/min (.....). The

glass transition temperature (Tg) is taken as the onset of the step

change in heat ¯ow.

Fig. 2. Comparison of ESR spectra of 0.217 mM 16-DSA in encap-

sulated oil (ÐÐ) and bulk oil (- -- -) at 100% N2. Curves are normal-

ized by the intensity of centre line. Inset shows centre line spectra of

food model system at day 0 (ÐÐ) and at day 33 (.....) of storage at

60�C in a 100% oxygen atmosphere. Curves in inset are normalised by

the amount of probe.
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and octanoyl triglycerides, in contrast to the previous
study in which rapeseed oil, had azo-compounds added
in order to initiate oxidation. The spin probe 16-DSA
was incorporated into the food model by dissolving it in
the MCT oil prior to emulsi®cation.
The glass transition temperature and the water con-

tent of the food models were measured for each storage
temperature after 40 days of storage. The temperature
program of the DSC measurements was designed to
heat the sample to a temperature just above the
assumed glass transition and cool again before reheat-
ing the sample. In this way it was veri®ed that the
observed base line shift was reversible, giving a strong
indication of a glass transition, as seen in Fig. 1. The
glass transition temperature was Tg=64.7�2.1�C and
the water content was 1.0�0.7%, independent of the
storage temperature.

3.2. 16-DSA as an ESR oximetric spin probe in neat oil
and in the food model

ESR spectra of the food model containing 16-DSA
were three-line ESR spectra that were similar to the
spectrum of a solution of 16-DSA in MCT-oil as shown
in Fig. 2. The close similarity between the ESR spectra
of the two systems suggests that the mobility of 16-DSA
is identical in the two systems, and 16-DSA is most
likely found mainly in the oil-droplets of the food
model. However, a small contribution of a nitroxyl
radical powder spectrum can be seen in the ESR spec-
trum of the food model. This is most likely arising from
some of the 16-DSA molecules that have been immobi-
lized by being trapped in the glassy matrix or at the oil/
glass surface. Storing the 16-DSA-containing food
model under oxygen led to a broadening of the ESR
lines. An example is shown in the insert of Fig. 2, where
the signals have been normalised with respect to the
doubly integrated area.The central line of the spectrum
of a sample is shown after 0 and 33 days of storage
under 100% oxygen at 60�C. An increase in the line
width, �Hpp, was observed after the storage under
oxygen, together with a decrease in the intensity of the
signals.
The line shape of nitroxyl radicals consists of an

envelope of Lorentzian lines which is a result of the
hyper®ne splitting caused by the interaction of the spin
of the nitroxyl moiety with the neighbouring protons.
The broadening, �w, of each of the Lorentzian lines is
expected to depend linearly on the oxygen concentra-
tion. However, a similar dependence is not assured for
the line width, �Hpp, of the composite ESR line of the
nitroxyl spin probe (Swartz & Glockner, 1989). A stan-
dard curve of �Hpp was, therefore, constructed by
recording ESR spectra of a solution of 16-DSA in oil
that had been equilibrated with di�erent mixtures of
nitrogen and oxygen. A plot of �Hpp versus the oxygen

content of the gas mixtures gave a straight line as shown
in Fig. 3A. The line width increased from 0.14 mT to
0.28 as the oxygen content of the gas mixture was
increased from 0 to 100%. Within the experimental
accuracy, no temperature dependency of �Hpp could be
detected, implying that changes in oxygen solubility
with temperature were too small to be measured. The
16-DSA concentration in the bulk oil was varied from
0.217 to 0.0050 mM and the line width recorded; how-
ever, no change in line width was observed, indicating
that the contribution of spin exchange between 16-DSA
molecules to the overall broadening of the ESR lines is

Fig. 3. Standard curves of spectral properties as a function of atmo-

spheric oxygen concentration. (A) Centre line width (~) of 43.4 mM
16-DSA in bulk oil as a function of gas phase oxygen concentration

(%) as an average from bulk oils being purged with gas mixtures at 5,

22, 37, 45, 60, 70 and 80�C and recorded at 22�C. Ratio of line heights;

(&) third line over centre line (h3/h2 ), (*) ®rst line over centre line

(h1/h2). Lines represent linear ®t of standard curve from 21 to 100%

O2 in each case. (B) Line width, �Hpp, as a function of volume frac-

tion, �, for observed spectra, Fobs(B) [cf. Eq. (1)], for a heterogeneous

two-compartment system.
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negligible in this range of concentrations of 16-DSA in
oil. It was also found that the ratio of line heights of the
high ®eld line,h3, and the central line, h2, was linear with
the concentration of oxygen, whereas the ratio of the
heights of the low ®eld line and the central line h2/h1 was
constant (Fig. 3A). Recording the ratio h3/h2 can there-
fore be regarded as an alternative method for measuring
oxygen concentrations.
It should be emphasised that the standard curve, Fig.

3A, was obtained by using a homogeneous oil system,
whereas the food model is an inhomogeneous system
where the barrier properties of the glassy matrix can
maintain gradients in oxygen concentration over long
periods. The observed ESR spectrum of the present
system is made up of a sum of ESR-spectra with di�er-
ing line widths, and the line width of the resulting spec-
trum is a function of the distribution of size and oxygen
concentration of the oil particles. The e�ect of such
inhomogeneities on the observed line width, �Hpp, was
studied by simulating the ESR spectra of a simple two-
compartment system containing MCT oil with 43.4 mM
16-DSA. In one compartment, a volume fraction, �, of
the oil is equilibrated with 100% oxygen and, in the
other compartment, a volume fraction, 1-�, is equili-
brated with nitrogen. In the case where the nitroxide
probes are not able to exchange between the two com-
partments, the observed spectrum Fobs(B) is the weigh-
ted sum of the spectra of each compartment:

Fobs B� � � �Fo2 B� � � 1ÿ �� �FN2 B� �; �1�

where FO2(B) and FN2(B) are measured spectra of the
standard curve, which are normalized with respect to
the amount of probe. The line width, �Hpp, of the
resulting spectrum Fobs(B) is shown as a function of the
fraction � in Fig. 3B. It should be noted that a can be
interpreted as the simple average oxygen concentration
of the two-compartment system, allowing a direct com-
parison between Fig. 3A and B. When � is decreased
from 100 to 80% a large decrease of about 0.12 mT is
observed in �Hpp, whereas the corresponding increase
in � from 0 to 20% only results in a small increase of
about 0.01 mT. The non-linearity of the �Hpp (�) curve
implies that a small part of a heterogeneous system with
a low concentration of oxygen can dominate the
observed line width due to the sharpness and high
intensity of the ESR spectrum of this part of the system
as compared to the broadened and less intense spectrum
of the rest of the system. For a more realistic multi-
compartment system, as the food model under study,
the practical implications should be a more cautious use
of the linear standard, Fig. 3A. A straightforward
interpretation of a measured �Hpp by the use of Fig. 3A
does not give the simple average oxygen concentration,
but rather an average concentration where the oxygen-
poor regions are given higher weightings. In that sense,

the oxygen concentrations estimated from Fig. 3A
should be regarded as a lower boundary for the true
average concentration.

3.3. Stability of the spin probes in the food model

The stability of the 16-DSA spin probe during the
storage of the food model at elevated temperatures for
long periods of time was examined by comparing the
amounts of spin probe in the samples quanti®ed as the
doubly-integrated areas of the ESR spectra. It was
found that 94�4% of the spin probe remained in the
food model after 25 days of storage at temperatures in
the range from 5 to 60�C. At temperatures above Tg, the
probe decayed more rapidly. Thus, at 70, 75 and 80�C
only 79, 65 and 57%, respectively, remained after 25
days of storage. The shape of the spectrum did not
change, despite the relatively high degree of decay of the
spin probe during the long time of storage at these high
temperatures, as can be seen from Fig. 4A, where the
intensities of the central ESR lines have been normal-
ised in order to facilitate comparison.
The ESR spectra of food models after 33 days of sto-

rage at a high temperature (75�C) and a low tempera-
ture (5�C) under a 100% oxygen atmosphere are
compared in Fig. 4B (the intensities of the central line
have been adjusted to be equal). The ESR lines of the
sample stored at 75�C are broadened when compared to
the sample stored at 5�C, which indicates that oxygen
has been able to penetrate the glassy matrix at the high
temperature of storage. The di�erence in the heights of
the high ®eld lines of the two samples can be explained
as a result of the di�erence in oxygen penetration (vide
supra). Since the di�erences between the two spectra
can be completely explained as a result of the di�erent
degrees of oxygen permeation into the oil phase in the
two samples, the possibility that the surroundings of
the 16-DSA spin probe should be di�erent in the two sys-
tems, and that di�erence in probe degradation in¯uences
the measurement, can accordingly be eliminated.

3.4. Oxygen permeation in food model

Fig. 5 shows the time courses of the line width, �Hpp,
for food models exposed to pure oxygen or nitrogen at
di�erent temperatures. All the food models have an
initial line width of �Hpp=0.166�0.003 mT which,
according to the standard curve, Fig. 3A, corresponds
to an atmosphere containing about 21% oxygen. This
relatively high oxygen content is noteworthy, since the
food models were exposed to high vacuum during
freeze-drying. However, the low temperature and the
increasing encapsulating e�ect of the glassy matrix, as
the food model dries and the temperature rises, seem to
have prevented O2 from escaping. The line width, �Hpp,
increases with time in the food models exposed to pure
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oxygen and, for the food models stored at 60 and 70�C,
the permeation process is fast enough to allow the line
width to reach an asymptotic value of 0.276�0.003 mT
after about 25 days. According to the standard curve
(Fig. 3A) this value corresponds to a situation where the
encapsulated oil is in equilibrium with the surrounding
atmosphere of 100% oxygen. A considerably slower
development is observed for food models stored in oxy-
gen at lower temperatures. For example, after 48 days
the food models stored at 5 and 45�C only reach non-
asymptotic �Hpp values of 0.18 and 0.25 mT, respec-
tively. Storage in nitrogen at 22�C causes a decrease in
the line width and the food models reach a limiting
value of 0.154�0.002 mT. This corresponds to an oxy-
gen concentration in the atmosphere of 17.3% O2, or
slightly below, as the standard curve is not linear at
these low O2 concentrations, but the food models are

still far from being completely depleted of oxygen. The
food model has, in this regard, a high capability of
retaining O2, as the encapsulating properties of the
glassy matrix also prevent O2 from permeating out from
the oil phase.
The food models stored in oxygen at the two highest

temperatures (75 and 80�C) show a di�erent and more
complex behaviour (cf. Fig. 5C and D). After an initial
rapid increase in �Hpp over the ®rst 6 days, a slow but
signi®cant decrease is observed over the next 34 days
accompanied by development of a light brown colour of
the glassy matrix. A similar decrease in �Hpp was not
seen for the ESR-tubes containing bulk oil stored in the
same desiccators, implying that the decrease is related to
the speci®c properties of encapsulated oil stored at high
temperatures. MCT oil is characterized as being highly
oxidatively stable, as it only contains fully saturated
fatty acids. No development of the peroxide value of the
oil was recorded after the oil had been stored for 48
days at 5, 22, 37 and 45�C in 100% O2 or at 22�C in
100% N2. It can, therefore, be assumed that no oxygen-
consuming oxidation has taken place in the oil. Based
on the above observations we ®nd it likely that the
observed decrease in �Hpp is caused by an oxidation
process in the glassy matrix, consuming oxygen from
the encapsulated oil with a rate higher than the replen-
ishment of the permeation process.
The supplementary measurements in interchanged

atmospheres showed some seemingly surprising results.
When changing the gas from O2 to N2 for 10 min for the
oxygen incubated food models, a decrease in line width
to 0.17±0.21 mT was observed for all temperatures,
independently of the line width reached before changing
the gas (results not shown). When reintroducing O2 for
10 min, the line width returned to the level obtained
before changing gas. This is surprising since the same
food models show slow increases in line width over sev-
eral days, and also fast decreases on the timescale of
minutes, apparently indicating both slow uptake and
fast release of oxygen. This apparently contradictory
result can be caused by two events. The slow increase
may mostly be caused by degradation of the glassy
matrix giving rise to a slow release of encapsulated oil to
the surface and thereby exposing probes to the atmo-
sphere and allowing a fast release of oxygen when the
atmosphere is changed. However, no loss of probe was
recorded after washing with hexane after 40 days of
storage (results not shown) indicating that the oil
remained well encapsulated. Therefore, a more likely
explanation is that not all the oil is equally well encap-
sulated from the start, leaving a minor fraction posi-
tioned very close to the surface or present in capillaries
that are not easily penetrated by hexane. When the
atmosphere is changed to N2, a situation of an inhomo-
geneous system arises, similar to the one described in
relation to Fig. 3B where a minor part with a low

Fig. 4. ESR spectra of food models stored under di�erent conditions.

(A) Food models stored at 75�C in 100% O2 for 1 h (±.±.±), for 1 day

(ÐÐ) and for 30 days (.....). (B) Food models stored at 5�C (.....) and

75�C (ÐÐ) for 33 days in O2. The ESR spectra have been normalized

by the intensity of the central line.
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oxygen concentration may dominate the observed spec-
trum, resulting in a low peak width. This hypothesis is
supported by the fact that no shift in line width was
recorded when changing the gas of the nitrogen-incu-
bated samples to O2. In this case, the in¯uence on the
®nal line width from a minor fraction of broad signals is
negligible, as may also be seen from Fig. 3B, from which
it is seen that a change in � for low values has little
e�ect on the line width.

3.5. Kinetics and activation parameters for the
permeation of oxygen

The similar glass transition temperature and water
content of the food model, irrespective of storage tem-
perature, suggest that the observed changes in oxygen
permeation result from the temperature-dependence of
the oxygen permeation properties of the glassy matrix.
In order to interpret the time course of the measured

�Hpp in terms of the temperature dependence of the
glassy matrix, it is assumed that the line width, �Hpp, of
the food model system stored at temperature Ti can be
expressed as:

�Hpp t;Ti� � �W kit� �; �2�

where ki is a material parameter or rate constant
assumed to be proportional to the oxygen permeability
coe�cient of the glassy matrix at the temperature, Ti,
W(x) is an a priori unknown and temperature-indepen-
dent master curve, describing the permeation process in
terms of line broadening, and t is the time. This choice
of mathematical model using the same master curve
W(x) for every temperature is motivated by the fact that
all the food models are assumed to have identical geo-
metric properties with respect to distribution of sizes of
oil particles and thickness of the glassy matrix covering
each of the oil particles. Furthermore, the fact that the

Fig. 5. Time courses of the ESR line width of food models. Measured points and model predictions are shown by symbols and full lines, respec-

tively. (A) Food models stored at 5, 45 and 70�C in 100% O2 and at 22�C in N2. (B) Food models stored at 25, 37 and 60�C in O2. (C) Food models

stored at 75�C in O2. (D) Food models stored at 80�C in O2. Predictions are based on the double exponential, temperature-independent master curve

[cf. Eqs. (2) and (3)], W(ki t), and the temperature-dependent rate constants, ki,, determined for all eight temperatures included in the investigation.
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temperature e�ect of the solubility of oxygen in oil can
be neglected also suggests that the asymptotic value of
the peak width should be independent of temperature,
supporting the mathematical description of Eq. (2). If
no other process than permeation is taking place (i.e. no
chemical reaction consuming oxygen or redistribution
of the glassy matrix above Tg), the course of oxygen
saturation of the food model can be described by a
combination of a temperature independent master
curve, W(x), and a temperature dependent material
parameter ki which controls the timescale of the process
as indicated in Eq. (3). The temperature-independent
master curve, W(x), is believed to be dependent on spe-
ci®c properties of the food model under study, such as
the ratio of poorly encapsulated oil to oil deeply buried
in the glassy matrix. The master curve must approach
an asymptotic line width �Hpp,1, corresponding to oil
saturated with oxygen. We assume that the master
curve can be parametrized as a double exponential
function:

W x� � � �Hpp;1 ÿ A1 exp�ÿx� ÿ A2 exp ÿB2x� � �3�

where �Hpp,1, A1, A2 and B2 are positive and tem-
perature independent parameters. Combining Eqs. (2)
and (3), and using the eight data sets of the food models
stored in oxygen, the eight temperature-dependent ki
values and the four parameters �Hpp,1, A1, A2 and B2,
common to all temperatures were determined by a
simultaneous non-linear curve ®t to all eight data sets.
In this way information from all the food models stored
in oxygen was used to create the master curve and this
procedure ensures that all the rate constants, ki, corre-
spond to the same kinetic model. Only data from the
®rst two days are used for food models stored at 75 and
80�C (Fig. 5C and D), as an oxygen-consuming process
seems to take over at longer storage times. The para-
meter values obtained by this procedure were
�Hpp,1=0.276 mT, A1=0.04348 mT, A2=0.0658 mT
and B2=0.0690 (corresponding to a w2 value of 4.45
�10ÿ5) and the resulting curves are shown in Fig. 5. It is
possible to describe the time-development of �Hpp at all
temperatures using the same function by appropriate
scaling [cf. Eq. (2)] of the argument of the master curve
W(x). Using a single exponential master curve by ®xing
A1 to be 0 mT gave a signi®cantly poorer ®t (w2=8.12
�10ÿ5), having too low an asymptotic value of the line
width of 0.269 mT. Adding an extra term of A3 exp(-
B3x) did not improve the ®t (w2=4.50 �10ÿ5) notice-
ably as A3 was determined to have a negligibly small
value, in the order of 10ÿ7 mT.
Since the rate constants, ki, are assumed to be pro-

portional to the permeability coe�cient of the glassy
matrix, the activation energy of the permeation process
can be obtained from an Arrhenius plot of the ki values.

Fig. 6 shows the Arrhenius plot corresponding to the
double exponential version of W(x). The temperature-
dependence of the rate constant is seen to be well
described by the Arrhenius equation. An activation
energy of 74�6 kJ/mol was found to be independent of
the master curve used.

4. Discussion

The ESR line broadening technique appears to be
suitable for studying the permeation of oxygen through
the glassy matrix of a food model, since the spin probe
can be completely incorporated into oil particles, and
therefore monitors the oxygen concentration inside the
intact food model by non-invasive measurements. The
doxyl-substituted stearic acid 16-DSA was found to be
useful as a lipophilic spin probe as the long chain of this
spin probe hinders translational motion whereas it has
only a minor e�ect on the rotational motion (Hyde &
Subczynski, 1989). Thus the contribution of spin
exchange between spin probe molecules to the overall
line broadening was found to be negligible in the range
of nitroxide concentrations from 5 to 217 mM. Any
changes in the concentration of the 16-DSA that may
take place, either during the preparation of the food
models or as a result of the decay of spin probe during
the storage of the food models at high temperatures for
a long period of time, are, therefore, not expected to
contribute to the line broadening of the ESR signals.
The relatively high rotational mobility of the spin probe
in the oil phase results in an almost isotropic ESR signal
where the line broadening e�ect is easily monitored due
to the sharpness of the ESR lines. Furthermore, the
similarity between the ESR spectra of 16-DSA in pure
MCT oil and in the oil-encapsulating model suggests
that the 16-DSA is mainly located in the oil particles,
which simpli®es the comparison with the spectra of 16-
DSA in the pure MCT oil under various oxygen atmo-
spheres.
The use of nitroxide spin probes for ESR oximetry

has been developed and used mainly in biological sys-
tems where both the temperatures and the duration of
the experiments have been lower and shorter than in the
present study (Hyde & Subczynski, 1989; Swartz &
Glockner, 1989). However, 16-DSA incorporated into
the food model was found to be stable when stored at
temperatures lower than Tg. At higher temperatures, a
signi®cant amount of the spin probe decayed during the
experiment, but apart from a loss in intensity, the shape
of the ESR spectra were only a�ected by the oxygen
concentration.
An oxygen-consuming process, not involving per-

oxide formation, took place in the food models stored
at 75 and 80�C. A distinct browning of the matrix was
observed, probably caused by Maillard reactions
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between the carbohydrate and protein components of the
glassy matrix. It is possible that some of the products
produced by the Maillard browning reactions are proox-
idants initiating oxygen consumption (Wijewickreme &
Kitts, 1997). The rate of Maillard browning is known to
depend on the glass transition (Bell, 1996; Buera &Karel,
1993; Karmas, Buera & Karel, 1992; Lievonen, Laakso-
nen &Roos, 1998; Roos &Himberg, 1994), andMaillard
browning is largely hindered below Tg due to the low
mobility, while the rate of browning increases above Tg,

as the viscosity of the system decreases (Bell, 1996; Kar-
mas et al., 1992, Lievonen et al., 1998).
The ESR line widths measured in the food model were

inside the range of line widths covered by the standard
curve. The initial line widths recorded in the food model
were close to the value for an oil in equilibrium with
atmospheric air which indicates a high retention of oxy-
gen in the food model despite the evacuation during
freeze-drying. This result is of importance to the pro-
duction of highly oxygen-sensitive products, especially as
the results indicate that it is di�cult to remove remaining
oxygen during the freeze-drying process.
The permeation rate of oxygen through the glassy

matrix could be described by the Arrhenius equation
during the entire range of storage temperatures, irre-
spective of the glass transition. The permeation process
can, therefore, be regarded as an activated process and,
in this respect, the results support the molecular model
(Meares, 1954). The activation energy for oxygen per-
meation in the food model is consistent with activation

energies of oxygen permeation in starch ®lms (as esti-
mated from the ®gures, Arvanitoyannis et al., 1994) and
through polyvinyl acetate membranes (Meares, 1954).
However, due to the limited range of temperatures
above Tg of the food model, the possibility that devia-
tions from the Arrhenius equation or crossover to a
higher activation energy exist (Arvanitoyannis, et al.,
1994) cannot be entirely eliminated.
Our results con®rm that oxygen does permeate glassy

matrices at a rate which may be relevant for storage of
dehydrated foods, as was also found in the study of oxi-
dation of encapsulated rapeseed oil (Orlien et al., 2000).
A complete description of the dissolution of oxygen at
the boundaries of the matrix material, and the following
di�usion to the surfaces of the oil particles, is a compli-
cated mathematical problem beyond the scope of this
paper. However, by using the concepts from food
packaging, a simpli®ed theory can be proposed that
describes the behaviour of oxygen in food containing
encapsulated oil. Each single encapsulated oil particle is
treated as a micro package. To a ®rst approximation, the
number of oxygen molecules entering the package per
unit time would then be proportional to the concentra-
tion gradient of oxygen over the ``packaging'' material
covering the oil particle (Robertson, 1993). Thus, if no
oxidation is taking place in the oil, the oxygen con-
centration inside the oil particle should approach the
equilibrium value as a ®rst order process, i.e. an expo-
nential increase (or decrease) in oxygen concentration
with a time constant inversely proportional to the surface
to volume ratio of the particle and the permeability
coe�cient of the glassy matrix and proportional to the
thickness of the ``packaging material''. If an oxidation
process is able to maintain a constant and low oxygen
concentration inside the oil particle, the in¯ux of oxygen
will be constant and rate limiting, giving rise to zeroth
order kinetics of the oxidation process. The constant rate
of oxidation will be governed by the same material
parameters, namely surface to volume ratio of the parti-
cle, the permeability coe�cient of the matrix material
and the thickness of the encapsulating layers. The pre-
sent study shows that glassy matrices containing encap-
sulated oil or fat are complex, since the material contains
both, well-encapsulated oil, and oil which can exchange
oxygen with the surroundings within a shorter timescale,
as seen from the supplementary experiments using inter-
changed gases. Monitoring the oxygen uptake into a
complete ensemble of oil particles by using ESR oxi-
metry is further complicated by the fact that parts of the
food model with low concentrations of oxygen dominate
the observed ESR line width �Hpp. On the basis of these
considerations, the uptake of oxygen into a multiple of
di�erently-encapsulated oil particles is unlikely to be a
simple ®rst order process, supporting the ®nding that the
time course of the �Hpp could not be described by a
single exponential master curve.

Fig. 6. Arrhenius plot of rate constants, ki, for oxygen permeation

through glassy matrices. The rate constants were evaluated using the

same double exponential master curve for all temperatures with a

common temperature-dependence incorporated in the two exponential

terms.
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As oxygen is shown to permeate the glassy matrix, oil
encapsulated in the food models may not be completely
protected fromoxidation, even though the integrity of the
glassy matrix is preserved. Studies of oxidation of encap-
sulated oil show that the process proceeds as a zeroth
order process, indicating that permeation of oxygen is the
limiting step (Anandaraman & Reineccius, 1986; Orlien
et al., 2000). Our results indicate that, in such systems,
some oil particles may oxidize rapidly and some more
slowly, due to inhomogeneity in the degree of encapsula-
tion. The observed constant rate of oxidation should,
therefore, be regarded as an average rate of all the indivi-
dual zeroth order processes taking place in each of the oil
particles. As oxidation of encapsulated oil is controlled
by the permeation process, we expect the oxidation pro-
cess to follow the same temperature dependency as the
permeation process. The ®nding of a large activation
energy, 74 kJ/mol, for the permeation process in the pre-
sent food model, suggests that temperature is important
for the protective properties of glass encapsulation.

5. Conclusion

Oximetry, based on the broadening of ESR-lines
in the presence of oxygen, has been developed to follow
the permeation of oxygen through a glassy matrix
encapsulating-oil containing the spin probe 16-DSA.
The permeation of oxygen increased with the tempera-
ture, and a kinetic model could be established from
which the energy of activation for oxygen permeation
was derived. While the numerical values of the kinetic
parameters used to describe the oxygen permeation
must be considered valid only for the actual food model
with its speci®c size-distribution, the energy of activa-
tion is of more general relevance since it describes the
process of permeation for this type of food model, irre-
spective of the actual size-distribution. The method
should allow non-invasive determination of oxygen
depletion in dried food and will be tested on other such
products sensitive to oxidative deterioration.
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