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Abstract

A quantitative analysis of NMR proton relaxation in hen egg albumeryalk is undertaken to research the causes of
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guality. It is shown that the change in the transverse relaxatitnck egg albumen mainly results from an increase in
proton exchange rate resulting from a pH increase attributed toflassbon dioxide by diffusion through the eggshell.
The results suggest that the low fieldig the best relaxation time indicator of alboumen quality.
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Abstract

A quantitative analysis of NMR proton relaxation in hen egg albumen and yolk is undertaken to research the causes of quality loss during
the first few days of storage and to access the feasibility of an on-line NMR sensor of internal egg quality. It is shown that the change in the
transverse relaxation in thick egg albumen mainly results from an increase in proton exchange rate resulting from a pH increase attributed to
loss of carbon dioxide by diffusion through the eggshell. The results suggest that the low-field T, is the best relaxation time indicator of

albumen quality.
© 2005 Elsevier Inc. All rights reserved,
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1. Introduction

Quality deterioration in hen eggs during the first few days
of storage has been the subject of several biochemical
investigations and has been reviewed [1]. Being noninva-
sive, MRI is a potentially valuable technique for monitoring
these internal quality changes. Jayasundar et al. [2] showed
that all the major structures including the yolk, egg white, the
chalaza, latebra and airspace could be clearly identified in
MR images of raw hen eggs. Even the white and yellow rings
inside the egg yolk could be discerned in T,-weighted
images [2,3]. These MRI studies are not merely of academic
interest but have potentially important commercial signifi-
cance for automated egg grading. Modern egg grading
machines sort eggs according to size at rates of up to 120,000
eggs per hour, but internal egg quality is usually assessed by
random sampling and human visual inspection by shining
light through the egg in a process called “candling.” To try to
circumvent this labor-intensive operation, there is an intense
research - effort underway to develop noninvasive on-line
sensors of both internal and external egg quality [4]. Being
noninvasive and capable of revealing internal structure, an
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on-line MRI sensor is a potential candidate, provided, of
course, that it can be developed as a low-cost sensor and
useful correlations between image parameters and egg
quality can be found. A hint that such correlations exist
can be found in the work by Capozzi et al. [5] who showed
that the proton longitudinal relaxation time of the egg white
measured at 700 kHz follows a pseudoexponential decay
with time after laying. More recently, Schwigele et al. [6]
showed that the water proton transverse relaxation time of
raw egg white measured at 7.5 MHz decreased with
increasing storage time over a 40-day period. However,
Jayasundar et al. [2], working at a higher proton frequency of
200 MHz, found no MRI-measurable changes in their
relaxation-weighted images of either the egg white or yolk
during storage of raw eggs over 5 days. They did however
see an almost linear increase in the size of the airspace
caused by evaporation of water through the shell.
Potentially useful NMR-egg quality correlations can
also be explored by in vitro relaxation time measurements
on separated egg albumen and yolk, but there have been
surprisingly few such studies to date. Klammer and
Kimmich [7] found that there were no apparent changes in
the transverse relaxation times of resolved spectral compo-
nents (water and lipid peaks) in the yolk of fertilized hen egg
but did not report on the relaxation behavior of the egg
albumen. An earlier paper of Koenig and Brown [8] reported
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the effects of cooking on the T, frequency dispersions
(NMRD profiles) of the albumen but gave no quantitative
analysis of the changes. In this paper, we therefore report our
systematic quantitative proton relaxation analysis of the
effects of aging on raw hen egg white and yolk and try to
assess the viability of an on-line NMR-based egg grader.

“Egg white” is actually a generic name that includes both
thick and thin egg albumen that exists as two distinct
structures of roughly equal volume in the egg white, and
these are illustrated in Fig. 1. The two albumen fractions can
be separated by filtration through course meshed cloth
gauze. In this study, we focus mainly on the NMR
properties of the thick albumen component because its high
viscoelasticity is an important internal quality factor that,
together with water content, decreases during storage [9].
The decrease in water content is caused partly by loss of
water by diffusion of vapor through the eggshell and partly
by water transport from the albumen into the yolk. These
processes cause a gradual increase in the volume of the
airspace in the egg (see Fig. 1), and this is another internal
quality factor readily measured by MRI.

Changes in the chemical composition and rheological
properties of thick egg albumen have been extensively
reported in the early biochemical literature {1,10,11]. Egg
white is, in essence, an approximately 12% protein solution
whose major protein components include ovalbumin (54%),
ovotransferrin (12%), lysozyme (3.4%) and the glycopro-
teins, ovomucoid (11%) and ovomucin (3.5%) [1]. The
viscoelasticity of fresh thick egg albumen, which is so
crucial to good egg quality, appears to be related to the
existence of a cross-linked gel-like protein network con-
sisting of an ovomucin-lysozyme protein complex. The
gradual degradation of this network during storage accounts
for the progressive decrease in viscoelasticity, but the
precise structure of the gel-like network and the reasons
for its degradation remain a mystery. One plausible
hypothesis relates the breakdown to the loss of carbon
dioxide from the albumen by diffusion through the porous
eggshell during the first few days of storage. This causes the
albumen pH to increase from about 7.5 in newly laid eggs to
roughly 9.6, depending on storage temperature. The fact that
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Fig. 1. Schematic of egg morphology.

coating the eggshell with oil or wax to slow the diffusive
loss of carbon dioxide and water appears to slow the
degradation process [12] lends credence to this hypothesis.
In this paper, we test this hypothesis by comparing the
relaxation changes in thick egg albumen for both oiled and
un-oiled eggs, and with the effect of deliberately changing
the pH of the egg albumen.

The fact that thick albumen is, in essence, just a
multicomponent protein gel suggests that it should be
possible to analyze the relaxation data quantitatively in
terms of biopolymer composition and its changing dynamic
state. We will indeed attempt to do this, but the analysis is
far from straightforward and the interpretation of water
proton relaxation even in single component protein sol-
utions remains a source of controversy. The difficulty
revolves around the unknown relative contributions of
proton exchange and hydration water to the observed
relaxation. The earlier literature on water relaxation in
biopolymer systems often neglected the role of proton
exchange altogether and interpreted the data in terms of
varying amounts of poorly defined states of “bound” water.
The current literature generally acknowledges the role of
proton exchange in a qualitative way, but there have been
few attempts to model exchange contributions quantitative-
ly. For this reason, we begin our relaxation study by
reviewing the theoretical interpretation of water proton
relaxation in high water content biopolymer systems.

2. The proton exchange cross-relaxation model of water
proton relaxation in aqueous biopolymer systems

According to the proton exchange cross-relaxation model
[13—15], an aqueous biopolymer system can be considered
to comprise three proton pools: namely, the water protons of
fraction, P,; the exchangeable biopolymer protons of
fraction, Py; and the nonexchanging biopolymer protons
of fraction, P,,. The water and exchangeable biopolymer
protons undergo fast exchange with a proton flux, Pyky,
where 1/k, is the mean lifetime of a proton on the
biopolymer. Each proton pool is associated with an intrinsic
set of longitudinal and transverse relaxation times, T,; and
T3; (i=a, b, m), and resonance frequency offsets, w; (i=a, b,
m). At high water contents, the hydration water needed to
maintain the structural integrity of the biopolymers is a
small fraction of the total water and can be included in the
biopolymer exchangeable proton pool (Py). This is consid-
ered to be a justifiable approximation because structural
hydration water is NMR indistinguishable from the other
proton pools in low-resolution relaxation measurements. A
fuller discussion of this point can be found in Ref. [14]. The
subsequent analysis differs for transverse and longitudinal
relaxation so each is considered in turn.

2.1. The proton exchange model for transverse relaxation

In the transverse mode, the nonexchanging biopolymer
proton pool, P, is uncoupled from the other two pools and



























