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We assessed the damage to onion tissue due to freeze-
thawing as the water permeability determined by using
PFG-NMR and light microscopy. The water diffusion
in fresh onion tissue was restricted due to cellular
barriers, and the estimated water permeability was
6.99 x 10~°m/s. The water diffusion became consider-
ably less restricted after freeze-thawing; the convergent
value for the restricted diffusion coefficient increased
and the water permeability significantly increased to
2.85 x 10~>m/s. While NMR could detect a distinct
change in the diffusion behavior of water molecules
in freeze-thawed tissue, light microscopy revealed no
significant tissue damage. These results suggest that
freeze-thawing damaged the vegetable tissues primarily
through destruction of the cell membrane rather than
the cell wall.
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Most vegetables soften after being frozen and then
thawed. Destructive changes in the cell wall induced by
volume expansion as liquid water transforms into ice has
been considered for several decades to be responsible for
this effect."”? However, others have postulated that
changes in the permeability of the cell membrane to
water comprise the mechanism of plant tissue softening
after freeze-thawing.>” Indeed, damage to vegetable
tissue due to freezing has been evaluated by electrical
conductivity.® This hypothesis assumes that the cell
“membrane” of plant cells has very low water perme-
ability and that plant cells become swollen due to high
turgor pressure, whereas the structure of a normal plant
cell “wall” is a loose network. Therefore, fresh vegeta-
bles appear crispy and juicy. When the freeze-thawing
process damages the “membrane,” the water perme-
ability increases, thus reducing the turgor pressure of the
cells, which softens the vegetable tissues. According to
this latter hypothesis, tissue softening after freeze-
thawing should be solely attributed to the damaged cell
membrane rather than to the cell wall. However, this
hypothesis has not been confirmed, because the perme-

ability of the cell membrane after freeze-thawing could
not be demonstrated.

The membrane permeability of various types of
individual cells has been measured by such methods as
microscopic observation of changes in the cell volume
under high osmotic pressure” and two-laminar flow
method.'? However, most of these measurements have
been applied to isolated protoplasts without a cell wall.
The properties of the cell membrane in a tissue matrix
might not always be identical to that of individually
suspended protoplasts. We therefore measured the
permeability of the cell membrane in situ after freeze-
thawing by using the pulse field gradient nuclear
magnetic resonance (PFG-NMR) technique.

The PFG-NMR technique, which is basically a
modified simple spin-echo experiment for measuring
spin-spin relaxation time T, has been used to study the
translational diffusion of water molecules in a material.
“Restricted diffusion” can also be investigated as an
alternative application of this technique.'” When the
self-diffusion of water molecules in a small-compart-
ment system such as a cell is measured by PFG-NMR,
the diffusion coefficient depends on the diffusion time
and usually decays over time. This phenomenon is
referred to as restricted diffusion and it can be explained
as follows: Since water molecules cannot diffuse freely
over a distance longer than the size of the compartment,
the average diffusion distance does not always increase
with the diffusion time. Therefore, the diffusion coef-
ficient apparently starts to decrease when the water
molecules diffuse sufficiently to fill the compartment.
Furthermore, as the diffusion time becomes longer, total
averaging of intra-cell diffusion is achieved due to
coherence and/or restricting the permeability of the cell
membrane;!'? that is, like hindered diffusion. Such
diffusion time dependence on the diffusion coefficient
is used to mathematically describe with a model that
tissue is constituted by cells connected with a semi-
permeable membrane. In this model, cell size a and
permeability P are incorporated as adjustable parame-
ters. This model has been used by several investiga-
tors' =19 to simultaneously determine both these adjust-
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Abbreviations: D, self-diffusion coefficient [m?/s]; Do, self-diffusion coefficient at diffusion time — oo [m?/s]; Dy, self-diffusion coefficient at
diffusion time — zero [m?/s]; R, NMR echo amplitude; Ry, echo amplitude with zero field gradient; y, gyromagnetic ratio [Hz/Gauss]
(gyromagnetic ratio of proton, 4258 Hz/Gauss); g, magnitude of the field gradient pulse [Gauss/m]; A, interval between two field gradient pulses or
diffusion time [ms]; §, gradient pulse duration [ms]; P, water permeability [m/s]; a, distance between barriers corresponding to cell size [um]
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Fig. 1. Preparation of Test Sample for Light Microscopy and NMR
Experiments.
The centre of the onion sample was cut to about a 4 x 4 x 10 mm
cube.

able parameters, cell size a and membrane permeability
P in a biological tissue by fitting to the experimental
results. For example, Anisimov et al.'” measured the
water permeability of the cell membrane in cotton fiber.
However, absolute values for these parameters are
difficult to determine from PGF-NMR data alone, since
both of these parameters are characteristically alterna-
tive and adjustable in nature.

On the other hand, Merboldt et al., 1987'% have found
by NMR-imaging that the diffusion coefficient of water
molecules was reduced due to restricted diffusion in
onion tissue. Moreover, Weerd et al., 2002'7 have
shown by NMR-imaging, using simulation with Fick’s
second law of diffusion, that the cell membrane
permeability of maize tissue changed due to damage
caused by such factors as the duration of preservation
and freezing. However, it is difficult by the NMR-
imaging method to detect the decay of the diffusion
coefficient over a wide range of diffusion time from psec
to msec due to such technical problems as the unavail-
ability of a high gradient, even when restricted diffusion
actually occurs. NMR-imaging is therefore considered
unsuitable for precisely estimating the water permeabil-
ity in vegetable tissues.

We therefore evaluated in this study the damage to
vegetable tissue caused by freeze-thawing by combining
data for the water permeability calculated from PFG-
NMR data and cell size information obtained from light
microscopy. We also compared the effects of freeze-
thawing with those of removing the cell membrane from
vegetables by using chloroform vapour to understand
the mechanism for cell tissue softening induced by
freezing.

Materials and Methods

Sample preparation. Fresh onion was used in all experiments within
1d of purchase from a local retail store. As shown in Fig. 1, the soft
core of a fresh onion was cut into a 4 x4 x 10mm cube after
removing the surface skin layer. Three samples were prepared: fresh
after cutting as is, after freeze-thawing, and after the chloroform
vapour treatment.

Light microscopic observation. The onion tissue blocks were cut
into 0.5-mm-thick slices (Fig. 1), each was each placed on a glass
slide and then immediately observed at room temperature without
staining with a BX51 microscope (Olympus Optical Co., Tokyo,
Japan) equipped with an LK-600PMS cold stage (Japan High Tech
Co., Fukuoka, Japan), before the image was recorded. The specimen
was then cooled on the stage to —20°C at a rate of —5°C/min,
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Fig. 2. Glass Container Used for Preparing of Cell-Membrane-Free
Onion Tissue with Chloroform Vapour.
The onion sample tissue was placed in the glass container
saturated with chloroform vapour for 3h at 25°C.
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Fig.3. NMR Pulse Sequence for Diffusion Measurements by the
Stimulated Echo Method.

before being immediately thawed to room temperature and observed
again under the microscope. This image was also recorded. A
chloroform vapour treatment was also carried out to remove the cell
membrane from the tissue.'® A 0.5-mm-thick sliced onion tissue
sample on a glass side was put into a glass container, in which a
50-ml beaker containing with 30ml of chloroform and another
50-ml beaker containing 30ml of deionized water had been placed
to saturate the container, and kept for 3h at room temperature as
shown in Fig. 2. The specimen, i.e., the cell-membrane-free tissue,
was stained with 1.0% Safranin (Wako Pure Chemical Industries,
Osaka, Japan) and then observed by the same light microscopic
system.

NMR measurement. A block of fresh tissue was wrapped in
polypropylene film before NMR measurements. A freeze-thawed
sample for the NMR analysis was also prepared by placing a second
block in a commercial freezer at —18°C before thawing at room
temperature, and a third sample, the cell-membrane-free tissue, was
exposed to saturated chloroform vapour for 3 h as already described.
We also measured a drip solution from the freeze-thawed onion tissue
as a reference material for deterministic the restricted diffusion. The
drip solution was obtained from cut tissue placed in several centrifuge
tubes (10ml, ¢16.2 x 82.5 mm; Tomy Seiko Co., Tokyo, Japan) which
were centrifuged at 100,443 g and 0°C for 30 min. The supernatant
was retained as the drip sample.

Each sample was placed in an NMR tube (5 mm internal diameter),
and subjected to Bruker AM200WB NMR spectrometry with a 4.7
Tesla magnet equipped a pulse field gradient accessory. The experi-
ments were conducted with stimulated echo pulse sequence with the
magnitude of the field gradient pulse g varying from 300 to
37800 Gauss/m at selected diffusion time A (Fig. 3). All experiments
were carried out at 20 +2°C.
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Fig. 4. Microscopy Images of Onion Tissue Samples before and after
Freezing.

The change of the cell wall structure (indicated by the arrow) was
hardly apparent after freeze-thawing by when viewed by light
microscopy. a, fresh tissue (untreated); b, frozen-thawed tissue.
Scale bar, 100 um.

Echo amplitude R obtained in this pulse sequence with field
gradient pulse g can be expressed by:

In(R) = In(Ry) — D(ygd)*(A — 8/3) 1

where Ry is the echo amplitude with zero field gradient. Self-diffusion
coefficient D was obtained from the slope of a linear In(R) vs.
(y28)*(A — 8/3) plot. In the case of restricted diffusion, the diffusion
coefficient obtained from the slope changed with diffusion time A.

Results and Discussion

Comparison of tissues before and after freeze-thawing
by using light microscopy

Although the onion tissue sample after freeze-thawing
showed slight broadening of the membrane-cell wall
interface as shown by the arrow in Fig. 4, no significant
destruction of the morphology of the cell wall con-
struction could be recognized after freeze-thawing. In
other words, the cell size did not apparently change
due to freeze-thawing. There exists a real barrier in
appearance, even if it may have lost the resistance
characteristics against water permeability. It is however
known that the fusion of some vegetable membranes
after freeze-thawing could be observed by electron
microscopy!*?? at far higher resolution than that of light
microscopy. We therefore assumed the cell size before
and after freeze-thawing to be ca. 150 um as estimated
from the images by light microscopy.

Chloroform dissolves phospholipids in the cell mem-
brane and thus the cell membrane can be selectively
removed from various tissues.'® This has become the
standard technique for removing the cell membrane
from animal tissues.?! The application of this technique
has resulted in significant changes in the rheological
characteristics of carrot tissues.”” However, our light
microscopy findings revealed minimal changes in onion
tissues after exposure to chloroform (Fig. 5).

Safranin stained the nuclei more clearly in those
tissues stripped of their cell membrane than in fresh

Fig. 5. Microscopic Images of Onion Tissue Samples before and
after Chloroform Exposure.

The cell structure was stained with 1.0% Safranin. The cell
nucleus after the chloroform exposure treatment was well stained
(indicated by an arrow). a, fresh tissue (untreated); b, after
chloroform exposure. Scale bar, 100 um.

tissue as shown by the arrow in Fig. 5b. The structure
of cotton cell walls is loose enough to allow large
molecules such as safranin to permeate.> However, the
intact membrane in untreated cells probably acts as a
barrier to penetration by large molecules, and thus the
dye could not stain the nuclei in sifu before exposure to
chloroform. The finding that safranin stained the cell
nuclei after exposure to chloroform indicates that the
cell membrane had been selectively eliminated from the
onion tissue. Moreover, the cells exposed to chloroform
appeared to retain their compartmental structure despite
the absence of a membrane.

Diffusion of water molecules

Figure 6 shows a typical plot of the NMR echo
amplitude, In(R) vs. (yg8)2(A — §/3), for a fresh onion
tissue sample at fixed diffusion time A of 30 ms. The
diffusion coefficient, D, of water molecules could be
calculated from the slope of the straight line. The
relationship between In(R) and (yg&)z(A —§8/3) was
linear for all tested samples at all diffusion times
>30ms. Therefore, diffusion coefficients were obtained
at various diffusion times.

When the self-diffusion of water molecules measured
by PFG-NMR is applied to a compartment system such
as cells, the diffusion coefficient usually decreases with
increasing diffusion time A. Figure 7 shows that, while
the diffusion coefficient of the fresh onion tissue sample
also decreased with increasing diffusion time A, the
change gradually decreased and approached a constant
value. To more easily compare the results from each
sample, the diffusion coefficient was normalized by
dividing by diffusion coefficient Dy at minimum diffu-
sion time A = 10ms. At diffusion time A of 1200 ms,
the diffusion coefficient approached a constant value
(0.59 x 1072 m?/s). This diffusion behavior is evidence
for restricted diffusion in which the water molecules
cannot move freely due to a barrier such as the cell wall
or membrane. In contrast, the diffusion coefficient of
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Fig. 6. Relationship between In(R) vs. (y&g)z(A —3/3) in Fresh
Onion Tissue When Diffusion Time A Was 30 ms.
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Fig.7. Measured Diffusion Coefficients of Water in Fresh and
Treated Onion Tissue Samples as Function of Diffusion Time.
M, fresh tissue (untreated) (n =15); [, frozen-thawed tissue
(n=15); A, cell-membrane-free tissue (n=15); @, drip (n = 1).
Error bars indicate the range of maximum to minimum.

the freeze-thawed sample only slightly decreased with
diffusion time A, indicating less restricted diffusion of
the water molecules. The result for cell-membrane-free
tissue which has been treated by chloroform vapour was
similar to that of the sample after freeze-thawing. The
diffusion coefficient of the drip solution without a
cell structure remained constant independently of the
observation time, indicating unrestricted diffusion. These
results suggest that diffusion was restricted due to the
nature of the cell structure. Since freeze-thawing and
chloroform exposure both destroyed the function of the
cell membrane, water molecules could diffuse more
freely into the inner and outer cells of the onion tissue.
However, such diffusion was still weakly restricted,
presumably by the cell wall, compared with that in the
drip solution, in which diffusion was not restricted.

Estimation of water permeation through the mem-
brane

The permeability of the intercellular barrier was
estimated from the relationship between diffusion co-
efficient D and diffusion time A, based on a one-
dimensional structural model.'V In this model, diffusion
coefficient D, for infinite diffusion time A, obeys Eq. 2,
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Fig. 8. Estimated Permeability of the Onion Cell Membrane in Situ
in Fresh, Frozen-Thawed and Cell-Membrane-Free Tissues.
Error bars indicate the range of maximum to minimum.

1/Dyo = 1/Dg + 1/(P x a) )

where Dy is the diffusion coefficient at A — zero.

Many investigators have estimated the permeability of
plant'? and animal tissues'>!¥ by using a model based
on the assumption that the diffusion of water molecules
between a cell compartment (barrier) such as the cell
wall and membrane was one-dimensional. However,
when the restriction to diffusion weakens, as in onion
tissue after freeze-thawing or exposure to chloroform,
the error in estimating the cell size becomes large, since
heterogeneity in the cell size as a barrier to water
diffusion increases. This considerably affects the accu-
racy of permeability measurements, since both param-
eters of cell size a and permeability P are characteristi-
cally alternative and adjustable in nature.

We therefore fixed cell size parameter a by using
independently obtained microscopic data. This modified
method allowed a more accurate estimate for the
permeability of the water molecules.

Thus, the known parameter values for fresh onion
tissue (a = 150um from the microscopic data; Dy, =
0.59 x 102m?/s at A =1200ms; Dy = 1.52 x 107°
m?/s at A = 10 ms from the NMR data) were introduced
into Eq. 2, which resulting in estimated water perme-
ability P being 6.99 x 10~®m/s. This is similar to
the reported permeability value of 1 x 1075 m/s'? for
several fresh plant cells. The water permeability of the
onion cell membrane is about 107®m/s according to a
study using plasma cells.?? This agreement between our
data and the literature values demonstrates the validity of
the assumption that the actual cell size from microscopic
data should be equivalent to the compartment size on the
model. In turn, it suggests that materials and subcompart-
ments such as vacuoles inside the cell membrane or
wall have negligible effect on the restricted diffusion
phenomenon of water molecules in onion tissue com-
pared with the resistance of the outer membrane.

On the other hand, the estimated water permeability,
P, of onion tissue after freeze-thawing (a = 150 um;
Do = 1.50 x 1072 m?/s; Dy = 1.11 x 1072 m?/s) was
2.85 x 1073 m/s. This value was considerably larger in
freeze-thawed than in fresh onion tissue. Moreover, the
water permeability of the cell-membrane-free tissue
sample after exposure to chloroform (2.96 x 107> m/s)
was closer to that after freeze-thawing. Figure 8 shows
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that the water permeability of freeze-thawed tissue was
up to 10-fold higher than that of fresh tissue. This result
demonstrates that freeze-thawing damaged the cell
membrane of onion tissues. In other words, we quanti-
fied the cell damage in onion tissues due to freeze-
thawing by measuring the change in water permeability
of the cell membrane. Levitt er al., 1936,2 Qertli,
1976° and Sotome et al., 2004!? have also measured the
water permeability of the cell membrane of protoplasts
from vegetables and other plants, but they could not do
so for cells in situ.

We used here a novel combination of PFG-NMR and
light microscopic data to estimate the cell membrane
permeability in onion tissues. This new method should
serve as a quantitative tool with which to compare
degradation in vegetable tissue before and after freezing
and help to increase understanding of the mechanism for
damage induced by freezing.

In conclusion, we experimentally confirmed by
observing the restricted diffusion of water molecules in
onion tissue samples that freeze-thawing damaged the
cell membrane rather than the cell wall. This insight
provides a step towards understanding the mechanism
for damage to vegetables caused by freezing. However,
the correlation between damage to the membrane and
the change in texture or drips after freeze-thawing
remains to be resolved, and future studies should
consider differences among various types of vegetables.
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