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Introduction

Analysis of complex physical, chemical or biological pro-
cesses is associated with the analysis of a huge amount of
visual material — images. One such process is ice recrys-
tallization, which takes place upon thawing of a frozen
fluid-containing sample from the temperature of liquid
nitrogen [1]. In particular, the importance of this phenom-
enon becomes highly significant, when it comes to long-
term storage of biological material for medical purposes
with the use of low temperatures, so-called cryopreserva-
tion process [2, 3]. In turn, microscopy is a widely used
method that directly allows obtaining information about
the ice crystal being formed, its geometric parameters,
and, as a consequence, indirectly study the kinetics of ice
(re)crystallization as well as melting process [4]. At the
same time, the development of appropriate methods and
tools that provide a high-quality automated analysis of
microscopic images is a difficult task. The automated
analysis of cryomicroscopic images containing living
cells has already been performed by our group [5]. An-
other group has established a sophisticated method to ana-
lyze ice recrystallization [6]. However, in this work pro-
cessing of images is largely based on the Hough trans-
formation, which often leads to failure in image analysis
when it comes to more complicated and interconnected
structures [7, 8]. Thus, this work is devoted to develop-
ment of automated methods and tools that provide correct
image segmentation and improved analysis of ice crystals
and recrystallization process.

Materials and Methods

Cryomicroscopy: The initial data for processing were a
series of microscopic images of ice crystals with a size of
1390 x 1038 pixels. An example of the image taken at the
beginning of isothermal annealing at -10 °C is shown in
fig. 1. The volume of a sample (2 pl) consisting of 0-10%
(v/v) dimethyl sulfoxide (DMSO) in common mesenchy-
mal stem cell culture medium (total concentration of fetal
bovine serum 20%, v/v) was transferred onto a quartz
dish, covered with a cover slip and placed into pre-cooled
(4 °C) Linkam cryostage (BCS 196, Linkam, UK). The
temperature was controlled with Linkam software
(Linksys32, Linkam, UK). The following freez-
ing/thawing protocol was used: cooling rate -10 K/min
from 4 °C to -180 °C, equilibration at -180 °C for 5 min,
thawing to -10 °C with 10 K/min and further isothermal
annealing at -10 °C. The visualization of freezing/thawing
was performed using an Axio Imager M1m microscope
(Carl Zeiss, Germany). The images were taken with a
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time lapse of 0.05 s. As an example, fig. 1 shows cry-
omicroscopic images of ice crystals formed during freez-
ing of solutions without DMSO (0%) and with 2.5% and
10% DMSO as well as their recrystallization upon iso-
thermal annealing at -10 °C.

0% DMSO
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Figure 1: Microscopic images of ice crystals during iso-

thermal annealing at -10 °C showing formation of differ-

ent ice crystals and their recrystallization. Cryoprotectant
used: 10% DMSO

Image processing and analysis: Software development
was carried out in the open-source environment Lazarus
(license GNU GPL). The first step in image processing is
pre-filtering. It should be taken into account that at pre-
sent most of the used firmware and hardware solutions
provide sufficient quality of the used image. Therefore,
the need to use this stage is no longer necessary.

The next stage is preliminary segmentation. First of all,
one should determine a segmented part of the image.
Since the intensity of pixels inside the crystal (I;;) can
largely coincide with the intensity of the pixels outside
the crystal (I,u:), the use of threshold segmentation to sep-
arate the pixels of the corresponding crystals from the
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others is not always possible. This can be expressed as
follows:

I; zIout )

Therefore, the boundaries of crystals are used as the seg-
mented objects. Here we consider the intensity of the pix-
els, which is significantly lower than the one of other ob-
jects in the image (fig. 1).

Since the images under study may differ depending on
imaging conditions, physicochemical properties of cryo-
protective solutes used, as well as ice structure itself, the
constant value of intensity cannot be used as the segmen-
tation threshold (Z;;). Therefore, the Otsu method [9, 10]
is applied in our analysis. However, one disadvantage of
this method is that this approach does not always allow to
accurately determining the required segmentation thresh-
old. In this regard, we considered applying a procedure of
setting this parameter by the user. Segmentation of the
boundary is carried out using the following expression:

{Io(x, V) =Lif (1, (x,y) < Iy,);
1,(x, y) = 0sif (I; (x, ) > Ly,

where Ii(x,y), 1,(x,y) are the pixel intensities of the images
before and after processing with the coordinates x and y.
The result of the processing of the initial image (fig. 2a) is
a monochrome image shown in fig. 2b.
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Figure 2: The images of ice crystals before (A) and after
thresholding (B). Cryoprotectant used: 10% DMSO

After final thresholding, the resulting image is morpho-
logically processed using erosion and proliferation opera-
tions, as described by Perida and coworkers and imple-
mented by our group [11, 12]. This step allows one to re-
move possible interference with segmentation of the
boundary. The resulting segmented sections are grouped
together and the contour of each crystal is constructed
thereafter.

For each image, a graph of crystal bonds is plotted to
show the position of the nearest crystals, due to which
growth can occur (fig. 3).
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Figure 3: Microscopic image of ice crystals during melt-
ing: lines show the graph of the compound between the
crystals

Thus, having a series of images, it is possible to calculate
a correspondence between the images. This is performed
using a distance function, which makes it possible to de-
termine the area of the geometric parameters of the crys-
tals at different stages of the study [12].

Discussion

Cryopreservation is the only way to efficient long-term
storage of clinically relevant constructs, such as cell com-
partments (DNA, RNA), suspended and attached cells, 3D
tissue engineered constructs as well as solid organs. It is
known that, along with other process parameters, ice re-
crystallization is one of the main damaging factors during
cryopreservation. Thawing of frozen samples in uncon-
trolled manner often leads to mechanical damage to either
cell membrane or tissue leading to impairment of their
mechanical properties and thus long-term instability and
limited functionality. Analysis of ice recrystallization and
a possibility of its inhibition could help to understand
main challenges associated with low quality of cryo-
preserved biological material.

In this work, we considered current information in the
field of cryopreservation [13, 14], protection of biological
materials from ice formation and its control [3, 15, 16]
and analysis of ice recrystallization during isothermal an-
nealing [6]. This yielded significantly improved approach
for automated microscopic analysis of ice recrystallization
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process. A lack in information on image analysis of ice
recrystallization makes discussion of our approach diffi-
cult. However, analyzing available information [6] it is
possible to suggest that the developed automated ap-
proach could significantly shorten a time period required
for image processing and analysis. However, there is a
number of challenges to be considered. Firstly, it should
be taken into account that the automated reconstruction of
such formed and melted ice crystals or crystal aggrega-
tions becomes even more complicated in case of a com-
plex crystalline structure (fig. 4a).

Figure 4: Microscopic images of ice crystals during
thawing at -10 °C: initial (A), after thresholding (B) and
cluster analysis (C). Cryoprotectant used: 10% DMSO
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In this case, fig. 4b shows the result of segmentation and
the marked areas of crystals (fig. 4c). As can be seen, free
areas are often marked as areas of crystals; the use of in-
ternal intensity does not give a complete separation (in
fig. 4c, the average intensity (from 0 (black) until 255
(white)) inside the object is known). Therefore, we are
currently evaluating a possibility of using form analysis
and the boundary of an object's transition to improve im-
age processing. This should allow determining the type of
the segmented object. Secondly, ice recrystallization pro-
cess is monitored within small sample volume (often not
more than 5 pl). The initial point for isothermal annealing
is determined based on the analysis of melting point using
differential scanning calorimeter, which requires 10-20 pl
of a test liquid sample. Thus, the difference in volume
could lead to mismatched melting points, which often re-
quires decreasing the temperature of isothermal annealing
for analysis of ice recrystallization.

Conclusions

Investigation of the process of crystallization is a complex
and important task, especially in cryopreservation of bio-
logical material for medical purposes. In the current work,
the process of processing and analyzing a series of micro-
scopic images during freezing and thawing is considered.
Based on available literature as well as our image pro-
cessing approach, it is now possible to analyze ice recrys-
tallization process during thawing and isothermal anneal-
ing. Moreover, using our approach tracking of certain ice
crystals can be performed. This knowledge can now be
applied for precise determination of the efficiency of in-
hibition of ice recrystallization of novel and low-toxic
cryoprotective agents.

The next stage of research is the improvement of soft-
ware, taking into account the presence of complex crystal-
line formations, which cannot be processed using the de-
scribed approaches. To do this, we should consider the
analysis of the shape of the crystal. This could allow us to
identify the grouped formations in a different scale as
well as areas with little difference in image intensity.
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