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ABSTRACT

In this investigation, novel 3-D imaging and image-analysis tools have been employed
to observe the deformations of food-plant tissues and single cells during convective air drying
at 70 °C. A comprehensive investigation was carried out to qualitatively and quantitatively
analyse the shrinkage and surface wrinkling of Royal Gala apple parenchyma cellular
structure during drying. To study the cellular morphology, 3-D contour maps produced by a
novel 3-D image and surface analysis tool, ‘Nanovea Expert 3-D’ were employed. Imagel
software was used to quantify the single cell morphological characteristics. During the study,
each tissue was observed continuously for the gradual morphological alterations. It was
evident that there is a significant reduction of surface roughness during the drying process. In
the case of individual cells, the area reduced approximately by 20% and diameter by 11%.
This study provides conclusive proof that 3-D contour maps and images combined with the 2-
D microscopic images could be a highly valuable source of information in producing data for

the validation of 3-D computational plant tissue drying models and simulations.
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1. INTRODUCTION

Drying is one of the most common and cost effective techniques for preservation of
food and for the production of traditional as well as innovatively processed products [1]. It is
employed to increase the shelf life of approximately 20% of the planet’s perishable crops [2].
During drying, the moisture levels of food matter are brought down in order to increase the
shelf life by decelerating numerous biological activities. With the removal of water, cellular
structures of the food materials undergo structural deformations that have serious impacts on
drying operational performance, dried food quality and their eventual market value [3-6]. In
order to engineer feasible food drying operations, it is important that these cellular structural
deformations are optimally controlled. In that context, a thorough understanding on
underlying solid and fluid dynamics is critical. However, because of the very small size and
heterogeneity of the plant cells and tissues, it is difficult to observe and distinguish the
morphological phenomena present in the plant cellular structure with the naked eye [7]. In
order to overcome this, researchers use numerous tools and techniques. Microscopy is one
such technique where images of the real plant cellular structure are magnified in order to help
researchers to identify the true mechanisms taking place in the cellular structure. There are
various microscopy techniques categorised according to the method of image enlargement
and distinguishing: optical microscopy, scanning probe microscopy and electron microscopy.
There are numerous sub categories under these main categories and lots of studies have been

implemented employing such techniques [8, 9] on plant cells and tissues.

Through further experimentation, it has been found that the key factors influencing the
morphological characteristics in food plant cellular structure during drying are the moisture
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content [10-15] and the drying temperature [16]. To derive the most appropriate relationship
among these influencing factors, research has been conducted in areas such as: cellular
morphogenesis and underlying transport phenomena [17-20], leading to various microscale
theoretical [21, 22] and empirical [10, 12, 23] models. Recently, numerical modelling has
attracted increased attention as a viable tool for the advanced analysis of micro-structural
morphological behaviour [24-30]. It is believed that such improved numerical models can
immensely benefit food engineering in terms of optimising drying process performance and
product quality [31-33]. However, it is critical to validate these numerical models before
using for the prediction of the unknown. In doing so, the experimental findings on true plant
cellular structure are necessary. For this purpose, various types of microscopic imaging and
other techniques have been used according to the literature. As sophisticated numerical
models are being developed, validation of such models are also becomes further challenging.
Accordingly, the numerical models developed for plant tissue drying are mainly limited to
two-dimensions (2-D) [26, 30, 34-36], requiring just 2-D microscopic experimental data to be
used for the validation such as the ones obtained from scanning electron microscopy (SEM)
[10, 37]. However recently, 3-D cellular drying models have been being developed [38]. This
has created the necessity of 3-D microstructural experimental data for the validation of such
models [37]. In this background, we aim to produce microscopic information which could
be used to validate the predictions of a 3-D numerical modelling and simulation study on
drying phenomena in the food-plant cellular structures. By doing so we intend to fill that gap
through visualisations and quantifications of the 3-D microstructural morphological changes
in food-plant tissues during drying with the aid of powerful and novel microscopic imaging

and analysis techniques.

2. MATERIALS AND METHODS

2.1. Materials and Sample Preparation
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For the experiments, Royal Gala apple (Malus Domestica) procured from Brisbane
(Australia) were used, which were stored at 4 °C in a refrigerator for three days before using
for the sample preparation. During sample preparation, the apples were washed with clean
water and slices having dimensions of 1 cm x 1 cm x 2 mm (thickness) were then cut from
the middle parenchyma region using a sharp knife. In order to assist microscopic imaging, all
the fresh samples were stained with a Toluidine Blue 1% in Sodium tetraborate solution
(TB). TB is a dye with high affinity commonly used for enhancing the appearance of plant
and animal tissues under the optical microscopy and TB does not cause any additional

dehydration [39, 40].

For drying, a convective air dryer (Excalibur’s five-tray dehydrator, USA) was used
which has an electric heater and a fan to produce a controlled hot air flow across the samples
throughout the experiments. The air temperature can be conveniently adjusted using a
thermostat. For this particular series of experiments, an air temperature of 70 °C with a
constant hot air velocity was maintained. The samples were kept symmetrically on the same
tray in close proximity to the central axis and air inlet vent of the equipment to ensure a
uniform heat transfer throughout. The samples were introduced only after the dryer reaches
the steady state condition following the initial warming-up cycle. The apple samples were
placed only in the middle three trays out of the five available trays while other remaining
trays were removed from the dryer. It should be noted here that in order to capture the
gradual morphological changes of the samples in each drying experiment, the same apple
sample was used and intermittently observed using the microscope. A given apple sample
was dried for 3 minutes and was taken out of the dryer for the observation under the
microscope and eventually the samples were weighed and placed back in the dryer for further
drying for 3 minutes for the next measurement cycle and so on. Once the samples were taken

out from the dehydrator, it was kept in a small-sized desiccator in order to avoid partial
4
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rehydration due to the lab ambient conditions. No desiccant was used to make sure that no
further dehydration occurred during this time period between the samplings. This procedure
was repeated until the weight of the sample became constant in two adjacent measurements,
implying a fully dried state. Sections below describe the use of different microscopic

techniques for the observation of the samples and the corresponding results obtained.

2.2. Observations through the Digital Light Microscopy

The microstructure of the TB stained fresh samples were observed under the Leica
DM6000M digital light microscope before and throughout the dehydration process. Staining
of the sample with TB enhances the clarity of the microscopic image through making cell
wall membranes more distinct. It has no impact on z-directional stacking or corresponding 3-
D effects created during image analysis due to the one-time staining. There was no further
requirement to stain the image during or after dehydration. This microscope could be used for
observations under both the incident and transmitted light with an automated contrast and
light management. In each case, images were taken at a resolution of 1352 x 1000 pixels
using Z-stacked acquisition for better focus and clarity. z-stacking (or focus stacking) is a
digital image processing technique where multiple images taken at different focal lengths are
combined together to eventually generate a composite image with a greater depth of field
[41, 42]. Due to the Z direction stacking of the images, the 3-D aspect of the obtained images
were enhanced and it was helpful in making a better analysis on the experimental findings.
The process of generating an image with 3-D effects has been visually represented in Fig. 1.
It outlines how the images taken at different focal lengths are combined through focus
stacking (or z-stacking) to generate the final image with 3-D effects. The real number of
images taken at different focal lengths are usually larger than 30. However, in Fig. 1, only a

few have been shown for the sake of simplicity.
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The imaging was done at three different magnifications: 5 (SM), 10 (10M) and 20
(20M) facilitating the analysis procedure. The values 5, 10 and 20 in 5M, 10M and 20M
magnifications are respectively the magnification of the first lens kit of the microscope.
While further processing the image through the microscope itself as well as the computer
program which eventually gives the output, the magnification of the image becomes much
higher. In Fig. 2, the experimental procedure has been mapped out. When moving on to a
higher magnification, only a smaller section of the existing image was zoomed in and refined
with focussing techniques. The number of cells present inside the image decreased with

increasing magnification.

2.3. Moisture Content Measurements and Analysis

In order to determine the moisture content of the samples, it was not possible to employ
the standard AOAC method 934.06 (1995) which has been utilised in a number of previous
similar studies due to the absence of a vacuum pump to attain the necessary degree of
vacuum [37]. Alternatively, a weight-based method was employed, where the weight of the
fresh samples were measured before and after the drying process using a digital weighing
scale (KERN & Sohn GmbH, ABJ 220-4M, Germany). As it has been mentioned previously,
one of the key highlights of this work is to experimentally observe the gradual changes of the
morphology of the plant cells and tissues during drying. Therefore, the obtained microscopic
images corresponding to different states of drying were analysed using the normalised
moisture content of each sample (X/X,) obtained by dividing the moisture content (X) of a
sample at each measurement instance by the moisture content corresponding to the fresh state
(Xo) of the sample. It should be noted here that the experiments and all the corresponding
measurements (not only moisture content) were repeated three times. The average value of
the three measurement iterations were taken as the representative value of the analysis. All

the graphical representations in this article have been developed based on these values.
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2.4. Analysis of the Images

One of the key highlights of this study is that the same sample has been used for every
measurement. The same location or the site in a given tissue sample is observed and imaged
using the microscope. The focus was placed on the overall morphological behaviour of the
cellular structure first. After examining the whole sample through the microscope, a site
which would represent the whole sample’s general morphological characteristics was
identified. Consequently, this study becomes more accomplished compared to a number of
previous similar studies which have used separate samples to investigate different states of
dryness [37]. For the quantitative analysis of the experimental images, the image processing
software, ImageJ was employed [43, 44]. The selected cells of the imaged sample were
measured for area and perimeter. Using these data, the degree of shrinkage of the cells were
determined and the comparability of the results were improved by normalising each

parameter.

2.5. Software based 3-D Tissue Model Generation and Analysis

To further strengthen the analysis, the digital light microscopic images of the plant
cellular structure were then investigated through a special 3-D software tool ‘Nanovea Expert
3D’ (Version 6.2.6409). This software is a specialist surface examination and profiling tool.
It is a customised version of Digital Surf’s Mountains® software [45-47]. It could be used for
both 2-D and 3-D analytical work, especially for surface analysis. For this process, a series
of z-stacked microscopic images are needed. These were obtained through the experimental
procedure explained in the Section 2.2. For each drying state, the corresponding z-stacked
images were used by this particular software in order to re-create the 3-D surface morphology
of the tissue as seen from the z-direction, using a 3-D contour map. This was implemented
through re-establishing the final montage image from the z-stacked images in the Nanovea
Expert 3-D environment as a studiable project. In this 3-D contour map, the depth of the

7
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image was well elaborated. Consequently, the qualitative and quantitative 3-D analysis of the
cells and the tissues became much more convenient, compared to the pure microscopic
images, which are essentially 2-D. For instance, 3-D contour maps can quantify the surface
roughness, maximum height and root mean square height of the contours in the real tissue,
which is almost impossible to quantify just using the conventional 2-D image analysis
techniques [45, 48]. The next section present further details of the 3-D image analysis
conducted and the results obtained.
3. RESULTS AND DISCUSSION
3.1. Drying Kinetics
The overall trend of moisture content reduction during the drying cycle of a tissue

sample, the drying curve is presented in Fig. 3, which was drawn based on the normalised
moisture content values. The corresponding experimental data and statistical analysis is
presented in Table 1. It is noteworthy that identifying a constant rate drying period is difficult
as reported in similar previous studies [37, 49]. It should be mainly due to the small thickness
of the tissue used for the experiment and the relatively higher temperature of drying (70 OC).
Due to these, the sample gets rapidly dried by effective removal of moisture from external
boundaries and internal regions. However, the falling rate drying period is clearly visible
from time 0 min to 32 min and eventually the sample reached the steady fully dried state
from time 32 min to 42 min.

3.2. Analysing the Degree of Shrinkage and other Morphological Characteristics

through Digital Light Microscopy

The digital light microscopy images obtained at tissue scale for the same apple sample
during drying is shown in Fig. 4 where, the shrinkage and surface wrinkling phenomena
occurring during drying are evident. The wrinkling behaviour of the surface is much more
evident through the 20M microscopic images compared to the SM microscopic images. At ¢ =

8
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0 min, the fresh cellular structure is shown. Compared to the microscopic images of the same
sample at dried state (e.g. at £ = 42 min), the fresh cellular structure exhibits an inflated
spherical nature due to the higher cell turgor pressure and the corresponding higher stresses
of the cell wall membrane [7, 15, 37, 50-53]. Thereafter, a higher degree of shrinkage could
be observed in the dried cellular structure along with surface wrinkling as presented in the
images (when 7> 0 min). It is noteworthy that the State-of-the-art numerical studies on food-
plant cellular deformations during drying have mainly outlined morphological description in
terms of shrinkage. Therefore in this study, we mainly focused on quantitatively assessing
shrinkage phenomena instead of surface wrinkling as our main aim was to produce

experimental findings which could validate such numerical modelling work.

The key driving forces behind these variations are moisture gradient and the associated
turgor pressure difference. The recently reported Scanning Electron Microscopy (SEM) based
experimental studies on the drying of the apple cellular structure explains such
microstructural changes as a two-staged process [54]. Further, the voidage or porosity in the
plant cellular structure increases with the dryness as observed from the images corresponding
to ¢ > 36 min. This phenomenon is further evident when inspecting a wider area of the tissue
image covering a higher number of the cells under lower magnification (i.e. the SM and 10M
magnifications). These cause increments in the bulk porosity and decrements in the bulk

density.

There is a crucial involvement of the intercellular spaces for the microstructural
morphological behaviour of the plant cellular structure. The fresh cellular structure
demonstrates a more tightly packed behaviour (# = 0 min in Fig. 4), compared to the
extremely dried state of the same sample (¢ = 42 min in Fig. 4), where the cells become

relatively loosely packed. This is in alignment with the previous research using SEM images
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of the cellular structure of apple revealing the existence of expansions and newly formed
intercellular spaces during drying [54]. The trend is mainly caused by the escape of the
entrapped moisture and expansion of trapped air and vapours in the intercellular

compartments.

It could be observed that there is a considerable difference in the colour of the images
where the fresher tissues appear in purple colour while dried tissues appear in dark blue
colour. This was not caused by the properties of the cellular structure. This can be attributed
to the discolouration of the used staining agent (i.e. Toluidine Blue solution) with drying
[39]. This discolouration was validated by simultaneously looking at the dehydrated apple

cellular structure images which were not stained.

3.3. 3-D Contour Maps Obtained through Expert 3-D for Tissue Images

In Fig. 5(a) the microscopic image corresponding to fresh apple tissue under 20M is
shown and in Fig. 5(b), the 3-D contour map for the same tissue section produced through the
Nanovea Expert 3D software is given. In Fig. 5(c), the 3-D isometric view of the same 3-D
contour map is shown. The arrows in the Fig. 5(a) and (b) denotes the comparability between
the visualisations. It is evident that the 3-D contour map gives out more details about the
depth of the sample, which cannot be directly obtained from the original 2-D microscopic
image. The 3-D contour map reveals more 3-D information about the cellular surface such as
surface roughness (S,), maximum height (S.) and root mean square height (S,) of contours.
The digital light microscopic images reveal information only on the X and Y planes while the
Expert 3-D image generates information with respective to all the X, Y and Z planes.
Particularly the Z axis depth variation of the plant cellular structure during drying is a critical
factor in analysing the real morphological variations of the food-plant cellular structure.

These 3-D images combined with the 2-D microscopic images could be a highly valuable

10
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source of information in producing information for the validation of 3-D numerical plant

tissue drying models and simulations [38].

In determining the quantitative details about a particular surface, this analytical tool
employs the ISO 25178 standard relating to the analysis of 3-D areal surface texture. In Fig.
6, a data set produced for a fresh apple sample is shown, where the Fig. 6(a) presents the 2-D
view corresponding to the 3-D contour map indicated in Fig. 5. The Fig. 6(b) displays
quantified surface information corresponding to the sample. In order to study the variation of
the 3-D characteristics of the plant cellular structure during drying, the Expert 3-D data
obtained for the same apple sample at various states of dryness were analysed. The results are
presented in Table 1 along with the corresponding statistical analysis. S,, S. and S, were
chosen as the key parameters that could be used to demonstrate the 3-D behaviour (see Fig.

7)

An overall reduction of surface roughness (S,), maximum height (S;) and the root mean
square height (S,) could be generally observed from Fig. 7. There is a rapid reduction of the
sample height with the increasing degree of dryness in the initial stages (1.0 = X /X, = 0.5)
(Fig. 7(a).) Thereafter, it becomes negligible, revealing that the surface roughness reduces
initially at a higher rate and then remains unchanged during the latter part of the operation. A
similar trend is observed with respective to the maximum height (S.) and the RMS height
(S9), as observed from Fig. 7(b) and (c). It provides conclusive evidence that not only the X, y
planes but also the z direction gets involved in the morphological variations eventually

leading to overall reductions of volume (i.e. cellular structural shrinkage) [10, 37].

3.4 Single Cell Observations and Quantification of Morphological Changes
For single cell observations, a separately prepared apple sample was used than the one

that was used for tissue experiments. However, procedures were followed similar to that of
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tissue experiments regarding sample preparation and dehydration. At the same time, the
moisture content measurements were also done corresponding to each dryness level. Using
the 50M magnification (true magnification approximately 1000) of the Leica DM6000M
digital light microscope, a single cell was observed in the apple cellular structure. This was
carried out as a series of observations targeting a selected single cell of a given sample in
order to capture the gradual morphological changes of it, as drying progresses. The resulting
microscopic images are shown in Fig. 8. These images provide vital information on the 3-D
surface morphological changes present in the single cell scale of the food-plant
microstructure. For instance, the surface wrinkling behaviour of the cell wall during the
drying process is clearly visible in this series of images. Initially, the wrinkled nature of the
cell wall surface is hardly visible (see Fig. 8(a)-(b)). As the drying progresses, the wrinkles
start to form on the surface (see Fig. 8(c)-(e)). In the extreme dryness states, the cellular
surface demonstrates a highly wrinkled behaviour (see Fig. 8(j)-(1)). The overall shrinkage of
the cell exhibits a similar trend to that of the surface wrinkling throughout the drying process.
Due to the 3-D nature of these images, the micro-level surface details become further evident.
To further emphasize the difference between the fresh and dried conditions, Fig. 9 shows two
enlarged images. Fig. 9(a) presents and enlarged microscopic image of the fresh cell and Fig.

9(b) presents its extremely dried condition.

Using these high-resolution images, the morphological behaviour of the observed cell
during drying was quantified via the image processing techniques found in the Imagel
software. As it could be seen in Fig. 8, the cell was easily distinguishable in all dryness states.
Therefore, any image segmentation was not necessary during image processing. For this
analysis, mainly the area, perimeter along the major and minor axes of the cell were
quantified for each image as the basic measurements. Next, geometric parameters such as

Feret diameter and roundness were derived to strengthen the analysis using those basic
12
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measurements. The Feret diameter ' was measured in this investigation through the area of
the cell. It should be noted here that obtaining z-stacked images at this very high level of
magnification was a difficulty. This issue became further severe for dried samples. As a
consequence, apart from the Fig. 8(a) and (b), any of the single cell images presented in Fig.

8 were not z-stacked. Further details on this technical issue will be discussed in Section 3.5.

In order to quantify and compare the cellular morphological characteristics, a number
of cellular geometrical parameters were used in alignment with the recently reported
analogical studies [37]. They are: cell area (A), Feret diameter (D) and roundness® (R). The
variation of these parameters were analysed with the dry basis moisture content X
(Mmassyqter/MASSqry sotia )- For better comparison and analysis, these parameters were
normalised (X/X,, A/Aq, D/Dy and R/R,) by dividing the steady state value of a given
parameter by its initial value corresponding to the fresh cell state (X, 4, Do and R;). These
quantified morphological properties were then compared against the experimental findings
available in literature [10, 34, 54]. The quantified morphological characteristics along with
the time and moisture content variations are given in Table 2. In addition, the corresponding
standard deviations have also been included. Next, the variations are graphically shown in the

plots given in Fig. 10— Fig. 12.

The 2-D surface area of the single cell used in this analysis ranged from around 12100
um? to around 9800 pm?* leading to approximately 20% reduction during the drying process.
From the area variation during drying, it could be seen that the cells experience a significant
area shrinkage while going through the process. In the fresh apple samples, the Feret diameter

varied from approximately 125 um to approximately 112 um (approximately 11% reduction)

v 4/
247A/P?
13
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during drying. It can be observed that compared to the area variation, the diameter variation
is considerably smaller. The roundness of the fresh apple cells was in the range of 0.80. This
figure leads to an implication that the fresh apple cells are not quite circular (or spherical).
Throughout the drying process, the roundness of the cell stayed around the same value of
0.80. Even though the roundness of cells is expected to drop after drying, through these
experiments it was observed that the roundness stays almost constant regardless of the
increasing degree of morphological changes in the entire tissue. One of the reasons behind
this phenomenon is the generation and evolution of round-shaped intercellular spaces during
the operation [37]. Such spaces (or voids) usually possess comparable sizes to those of the

apple cells in the systems as seen in Fig. 4.

As we have measured the same single cell during the entire experimental procedure, the
results derived through our studies could be considered more reliable than most of the
investigations reported in literature which have used different tissue samples for different
dryness states. According to the cell area variation graphs presented in Fig. 10, when the
normalised moisture content varies from 1.0 to 0.0, the normalised cell area varies from 1.0
to approximately 0.8 during the time interval of the drying operation. In other words, during
the drying operation, the area of the cell reduces approximately 20 %. This implies that there
is a significant variation in the cell morphological characteristics during drying. The cell
Feret diameter variation during drying is graphically presented in Fig. 11. As seen from the
graphs, the Feret diameter shows a decreasing trend throughout the operation. The normalised
diameter varies from 1.0 to approximately 0.9 while moving from a fresh state to an
extremely dried state. Hence, there is an approximately 10% reduction of Feret diameter

occurring as a consequence of drying.

14
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When further analysing Fig. 10 and Fig. 11, it could be observed that there are drastic
changes in the morphological characteristic variations at extremely dried states (i.e. X/Xo <
0.25). Previous researchers have used a theory of glass transition in order to explain such
kind of extreme shrinkage and associated phenomena demonstrated by food cellular
structures during drying [37, 55, 56]. Such work state that these significant changes of
morphological behaviour could occur only if the drying process temperature is above a
particular glass transition temperature which is specific to the material in a given moisture

content.

At the same time, the theories of case hardening seems to be appropriate for explaining
these characteristic trends [57-60]. Case hardening occurs where the outer cell layers tend to
undergo higher rates of drying and shrinkage leading to an excessively hardened case which
partially prohibits moisture transport from interior tissue regions to the exterior [26].
Consequently, the shrinkage of the inner parts of the material decelerates. Case hardening is
more dominant in relatively higher temperatures. If a lower temperature is occupied, the
initial rate of moisture transfer from the material would be slower but there would be a
relatively more uniform moisture transport when the entire sample is considered. This would
result in a higher total shrinkage when the entire process is considered. This phenomenon has

been experimentally observed for apple under convective air drying [58, 61].

The variation of the normalised cell roundness is shown graphically in Fig. 12. It could
be observed that the normalised cell roundness stays close to 1.0 throughout the entire drying
operation. This suggests that the roundness of the dried cell has not varied considerably
compared to the fresh state roundness. It could be a dynamic process as discussed above and
shown in Fig. 12. In addition, in the 3-D images shown in Fig. 8 and Fig. 9, it could be

observed that 2-D and 3-D analyses on cell roundness agree with each other. One probable
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cause behind this is the contribution of the outer shape of the cell towards estimation of the
roundness. Nevertheless, it is noteworthy that in the 3-D analysis, when z-directional details
of the cell wall surface are considered, new valuable information could be obtained compared
to an analysis which is constrained to 2-D. However, when the eventual outcome is
considered, it could be stated that the degree of roundness does not change significantly
during the process. The geometric parameter variations of the Royal Gala apple cells
observed in this study seem to be comparable with the Idared and Golden Delicious apple

cells reported in a number of previous studies [15, 37].

3.5. 3-D Contour Maps for Single Cells

The 3-D contour map obtained for a fresh single cell through Expert 3-D surface
analysing software is shown in Fig. 13. For the sake of easy comparison, Fig. 13(a) shows the
digital light microscopic image for the fresh apple sample taken at S0M while in Fig. 13(b),
the corresponding 3-D contour map is shown. The arrow and the circulated areas denote the
analogical sites of the microscopic image and the 3-D contour map. This analogy between
Fig. 13(a) and Fig. 13(b) is a good indication of the validity of the 3-D contour maps and
consequently the surface morphological data produced. This is one of the key highlights
derived through this study. The application of 3-D surface profiling tools in the context of a
single cell microscopic observation is a novel technique. It can be used to produce
microscopic morphological information to validate 3-D numerical modelling and simulation
studies on drying phenomena in the food-plant cellular structures. In literature, experimental
studies that provide such useful validation information are extremely rare. Therefore, this
information obtained through single cell microscopic observation and 3-D surface analysing

tools could be considered vital in this area of study.

The corresponding 3-D surface texture analysis is presented in Fig. 14. Surface profile

of the fresh apple sample is shown in Fig. 14(a), while the surface parameters including the
16
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surface roughness (S,) is given in Fig. 14(b). This information can be helpful for a
comprehensive comparison with surface morphological characteristic predictions of a
modelling and simulation study on a fresh single plant cell. However, when it comes to the
observation of plant cellular structure at this level of magnification, obtaining of z-stacked
images was a difficulty due to the limitations exist in the instrumentation used in this
experimental investigation. At this relatively ‘very high’ magnification (50M), the
microscope should possess the ability to change its focal length in very fine distance intervals
in order to obtain a clear z-stacked image. The instrument used in this study had some
difficulties in this area. And Expert 3D software needs z-stacked images for the creation of 3-
D contour maps. Moreover, since they were not taken as z-stacked images, the 3-D contour
maps of the dried single cell images could not be obtained. Nevertheless, single cells could be

imaged clearly without the support of z-stacking (Fig. 8 and Fig. 9 above).

4. CONCLUSION

A comprehensive Digital Light Microscopy-based investigation was carried out on
Royal Gala apple parenchyma cells. This investigation intended to produce experimental
findings that could be used to validate 3-D numerical modelling studies on plant cellular
structure during drying. One of the key highlights of this study was the ability to closely
observe a single cell and then study its morphological behaviour. The fresh cellular structure
demonstrates an inflated nature due to the equilibrium between the turgor pressure and the
stresses of the cell wall membrane. During drying, cells demonstrate a significant degree of
shrinkage and surface wrinkling due to the moisture removal and associated turgor loss. 3-D
contour maps obtained through ‘Nanovea Expert 3-D’ reveal information regarding the depth
(or z-axis dimensions) of the sample which cannot be directly extracted by looking at 2-D

microscopic images.
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Findings of this investigation show that the surface roughness (S,) of apple tissues
declined gradually during the drying process approximately 20%. Both maximum height (.S?)
and root mean square height (S,) dropped approximately 20% and 16%, respectively. The
area of a single cell demonstrated approximately a 20% reduction during drying. The Feret
diameter reduced approximately 11% while the roundness stayed around the same value of
0.80 throughout. These parameter variations show that there is a drastic change in the single
cell morphological behaviour at extremely dried states. This phenomenon has been explained
with theories related to glass transition temperature and case hardening. If a numerical model
is going to be developed to simulate the morphological behaviour of food plant cellular
structure during drying, it should allow approximation of large deformations as well as
significant shrinkage and surface wrinkling. The selected method should be able to cope with

extreme moisture content variations and associated changes of morphological characteristics.

The analytical and experimental methodologies discussed in this investigation could be
used for analysing the plant cellular structure in further detail. To further study the surface
wrinkling behaviour of plant cellular structure in a quantitative manner, ImageJ software
could be used. Such studies will be helpful in deriving experimental information that can be
used to better understand the mechanisms that are taking place in the plant cellular structure
during drying. In addition, such information could be used together with numerical modelling
studies in order to improve food drying operations in terms of product quality, nutritional

content and eventual market value.
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Table 1: Variation of surface roughness (S,), maximum height (S,) and the root mean square height
(Sq) with the normalised moisture content (X/Xo) for a selected apple sample at different states of
dryness (Corresponding standard deviations (SD) included)

Time X/X SD (%) S, (nm) SD (%)  S;(nm) SD (%) Sq(um)  SD (%)

(min)

OCoONOOOPR~WN =

10 0 1.0000 0.0 317 14.6 164.0 16.8 373 16.8
11 3 0.8429 14.7 35.4 15.5 171.0 17.5 415 18.4
6 0.6339 17.3 29.4 143 147.0 16.4 352 17.2
14 9 0.4706 16.6 24.4 13.8 125.0 12.6 29.3 15.1
15 12 03622 16.8 24.0 14.7 150.0 13.9 30.1 14.2
17 15 0.2701 12.4 25.0 18.7 140.0 17.9 31.6 15.2
18 18 0.1819 11.9 25.8 16.9 134.0 15.1 322 14.6

21 0.1138 10.2 24.7 18.5 131.0 16.3 31.0 19.4
21 24 0.0611 18.0 24.4 19.6 150.0 17.5 315 21.0
22 27 0.0364 22.9 25.0 143 137.0 15.3 31.9 14.4
o4 30 0.0186 16.6 222 252 107.0 22.4 27.1 19.2
25 33 0.0077 17.2 24.7 24.7 132.0 233 31.0 21.8
36 0.0046 12.2 24.9 18.1 131.0 2.1 311 19.3
o8 39 0.0015 15.3 25.2 15.5 137.0 15.0 31.6 15.1
29 ) 0.0000 0.0 25.2 17.4 130.0 16.8 313 17.0
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Table 2: The quantified morphological properties for a single cell along with the corresponding time
and moisture content variations (Corresponding standard deviations (SD) included)

Time X/Xy SD (%) A/A, SD (%) D/Dy SD (%) R/R, SD (%)

(min)
0 1.000 0.0 1.000 0.0 1.000 0.0 1.000 0.0
3 0910 35.5 0.960 17.5 0.980 19.9 1.010 12.4
6 0.768 33.1 0.950 16.0 0.970 13.6 1.010 17.0
9 0.608 23.8 0.930 12.2 0.970 16.9 1.010 15.1
12 0.464 49.2 0.920 24.0 0.960 12.8 1.000 92
15 0.267 41.5 0.860 20.2 0.930 22.4 1.000 14.2
18 0.172 29.9 0.880 14.0 0.940 16.1 0.990 12.9
21 0.092 34.8 0.870 17.8 0.930 15.3 1.000 10.6
24 0.035 35.6 0.860 18.8 0.920 19.5 1.000 18.0
27 0.010 43.5 0.830 21.9 0910 20.2 1.010 1.5
30 0.003 329 0.820 16.0 0910 17.3 1.010 18.9
33 0.001 30.1 0.810 15.9 0.900 16.4 0.990 14.0
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Fig. 8: Digital light microscopy images of a single cell: a (a) fresh cell; dried cell at (b) 3 min; (c) 6 min; (d)
9 min; (e) 12 min; (f) 15 min; (g) 18 min; (h) 21 min; (i) 24 min; (j) 27 min; (k) 30 min; (1) 33 min; min
at a magnification of 50 (50M);
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20 Fig. 9: Microscopic image of the single cell: (a) at fresh condition and (b) at extremely dried condition
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Fig. 10: Variation of the single cell area characteristics: normalised area (A/Ao) against normalised moisture
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Fig. 11: Variation of the single cell area characteristics: normalised diameter (D/Dy) against normalised
34 moisture content (X/Xo)
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Fig. 12: Variation of the single cell area characteristics: normalised diameter (R/Rp) against normalised
moisture content (X/Xo)
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20 Fig. 13: 3-D contour map corresponding to the 50M image taken for the fresh apple sample: (a) Microscopic
image for fresh apple cell (b) 3-D contour map obtained through ‘Nanovea Expert 3D’ for the same sample

22 101x36mm (300 x 300 DPI)

URL: http:/mc.manuscriptcentral.com/Ildrt Email: mpeasm@nus.edu.sg



OCONOOOA~WN =

Drying Technology

B[ 150 25178

| :c | Height Parameters
0 Sq 149 pm
| o Ssk 0247
Sku 172
"0l s 304 ym
il Sv 202 pm
-2 sz 506 pm
- 15 Sa 13.1 pm
10 | Functional Parameters
= s | smr 0252 %
0 Smc 215 pm
(a) (b)

Fig. 14: 3-D surface texture analysis for the single cell microscopic image: (a) Surface profile; (b) Surface

parameters
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